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Chapter 1 
Introduction 
 
1.1  Motivation and background 
On March 11, 2011, the Great East Japan Earthquake 
occurred off the coast of northeast Japan, and severe damage was 
caused by this earthquake and the subsequent tsunami that 
occurred [1][2][3][4]. This earthquake, at a magnitude of 9.0 Mw, 
was the strongest ever recorded in Japan. The earthquake was the 
fourth largest since 1900 [5] and it is large to next of the 2004 
Sumatra earthquake, which had a magnitude of 9.1–9.3 Mw 
[6][7][8][9].  
The earthquake occurred where the Pacific plate is 
subducting under the plate beneath northern Honshu [10]. The 
hypocentral region of this earthquake extended from off the Iwate 
Prefecture to off the Ibaraki Prefecture. The Japan Meteorological 
Agency (JMA) stated that the earthquake may have ruptured the 
fault zone from Iwate to Ibaraki, with a length of 500 km and a 
width of 200 km [11]. An analysis of seismic waves revealed that the 
destruction propagated back and forth between the shallow part of 
the trench side of the plate boundary and the deep part of the land 
side [12]. 
The tsunami caused by this earthquake first reached the 
Japan mainland 20 minutes after the earthquake and affected over 
1,300 km along the Pacific coast, inundating over 400 km2 of land. 
On the Sendai plain, the maximum inundation height was 19.5 m, 
and the tsunami propagated in river more than 5 km inland [13]. 
Along the coast, about 50–200 km to the north of Sendai, the narrow 
bays focused the tsunami and generated the largest inundation 
heights and run-ups. The maximum run-up height reached 40.4 m, 
resulting in the catastrophic destruction of towns and cities. 
Wakabayashi Ward in Sendai was hit particularly hard, and at 
least 101 designated tsunami evacuation sites were hit by the wave 
[14][15]. Chile's Pacific coast, one of the furthest from Japan at 
about 17,000 km distant, was struck by waves 2 m high [17]. 
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The largest secondary disaster wreaked by the tsunami 
was the Fukushima Daiichi nuclear disaster. This resulted in 
serious damage to the reactors of the Fukushima Daiichi Nuclear 
Power Plant, operated by the Tokyo Electric Power Company [26]. 
The tsunami arrived some 50 minutes after the initial earthquake. 
The 13-meter tall tsunami overwhelmed the plant's seawall, which 
was only 10 m high [20]. The damage caused by the tsunami 
resulted in equipment failures, and without this equipment, a 
loss-of-coolant accident followed, with nuclear meltdowns and the 
release of radioactive materials [21]. It was the largest nuclear 
disaster since the Chernobyl disaster of 1986 and the second 
disaster (along with Chernobyl) to measure at Level 7 on the 
International Nuclear Event Scale [22], releasing an estimated 17% 
of the radiation of the Chernobyl accident [23]. Large amounts of 
radionuclides were released from the Fukushima Daiichi Nuclear 
Power Plant, a proportion of which was deposited into the ground 
[19]. 
The loss of life caused by tsunami was as follows. As of 8 
November 2013, the National Police Agency has confirmed 15,883 
deaths, 6,150 injured, and 2,651 missing across twenty prefectures 
[16]. Victims age 60 or older accounted for 65.8% of the deaths, with 
24.5% of total victims being in their 70s. Of the 15,786 fatalities 
necropsied before 11 April 2012, 14,308 or 90.6% died by drowning 
[18]. That is to say, almost all the victims of this earthquake were 
swallowed by the tsunami and drowned. 
The Great East Japan Earthquake caused extensive 
damage, as described above. Is there no way to prevent such 
damage especially human damage? Saving human lives from 
natural disasters is not easy; it is one of the themes of human life 
throughout the ages. However, many people are still killed by 
natural disasters. The study and development of a system to reduce 
such casualties is one of the missions imposed on scientists. To 
mitigate tsunami damage, I focus here on a tsunami warning 
system, I describing the research results for elemental technologies 
for the improvement of tsunami warnings in this dissertation. 
Tsunami modeling of the land use effect for tsunami inundation simulation 
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1.1.1 Tsunami warning system 
In this section, I will review the tsunami warning system 
and its improvement. Currently, particularly to mitigate human 
casualties caused by tsunamis, the JMA is operating a tsunami 
warning system [24]. In the case of Great East Japan Earthquake, a 
warning was issued [25]. Since 1941, the JMA has conducted 
tsunami forecasting and warning, and this system is improved day 
by day. This system uses tsunami forecast methods using a 
database for various results calculated by a numerical tsunami 
model since 1999. With these tsunami forecast procedures, the 
dissemination of information on the coastline height and the 
tsunami arrival time are calculated for all Japanese prefectures. 
This tsunami warning system meets the request as follows. 
 
   Computation time :  
Within one second after the determination of the 
hypocenter and magnitude, 
  Forecast area : 
About 2000km from the tsunami source, 
  Region size :  
About 100~200km. (approximately equivalent to the size of 
each prefectures in Japan). 
 
Now, I show the calculating system to forecast the tsunami 
height and arrival time. This system uses a tsunami database 
created before an earthquake occurs. This database is composed of 
the epicenter information for earthquakes that are likely to occur 
near Japan and information about tsunamis that gave been caused 
by such earthquakes. The steps in creating this database are as 
follows. First, earthquakes likely to occur near Japan based on 
knowledge of seismology are chosen. Second, the crustal movement 
of such earthquakes is calculated, and tsunami sources are 
determined on the basis of the movement. Then a propagation 
simulation of a tsunami is executed to determine the expected 
height of the tsunami. The point where the tsunami height is 
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calculated in this simulation is located in a sea area defined along 
the coastline called the offshore forecast point (FP). The 
computational grid of the tsunami simulation is 2 km to 4 km, and 
the governing equation is a linear long-wave equation. This 
calculation is performed for many earthquakes that may occur near 
Japan, and the results are entered in a database. The number of 
cases expected in the database is 100,000. 
After an earthquake occurs, this database is used as follows. 
When an earthquake large enough to generate a tsunami occurs, the 
tsunami forecast system searches the 16 data files that have results 
for numerical simulations for the earthquakes with the closest 
hypocenters and of similar magnitude. The number of items in these 
16 files is composed of north-south direction, two cases in east-west 
direction, two cases from the depth of the epicenter, two cases in 
magnitude of the earthquake. Therefore, the file number is 24 = 16. 
Then, through the use of linear approximation or interpolation 
among them, the system determines the tsunami wave height at the 
FP. After that, to calculate the tsunami height at the coastline, the 
tsunami height at the FP is substituted for Green's law, which is 
described in chapter 3. The JMA issues a warning based on the 
tsunami forecast calculated in this way. 
In 2007, this tsunami database was improved to include 
the effect of energy decays by ocean bottom friction. In addition, to 
achieve more precise forecasts, the grid spacing of the tsunami 
simulation was changed to 1.5 km [27]. 
 
1.2  Earlier research 
1.2.1  Improvement of the tsunami warning system 
 To reduce tsunami damage, we must improve that tsunami 
warning system that is described in previous section. Specifically, at 
the 25th Annual Meeting of the International Union of Geodesy and 
Geophysics, it was reported that forecasts of inundation areas and 
wave heights make it easier for citizens to understand pertinent 
evacuation actions than predictions of tsunami wave height [28]. In 
other words, for citizens, the information needed for evacuation is 
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not the height of the tsunami at the coastline but information about 
when a tsunami will arrive, where it will onshore, and its height. It 
has been argued that a tsunami inundation area map indicating the 
tsunami wave height and a tsunami inundation warning based on 
this map is needed. 
Methods for implementing tsunami inundation warnings 
are roughly divided into two types. The first method, involving a 
database system, is described below, and the second method, 
employing real-time simulation, is described in the next section. 
One is a method of constructing a database in advance using 
current tsunami warnings and implementing tsunami predictions 
by searching the database following the occurrence of an 
earthquake [29][30]. This is a method that excels in providing 
extremely prompt reporting. In particular, with recent research [31], 
predications have been performed that utilized not only hypocenter 
information via seismic wave analysis but also observed tsunami 
waveforms. With this method, the inundation area is forecasted 
using a sum set for the inundation range in relation to multiple 
cases selected as candidates representing the actual phenomena, 
without using the linear interpolation that is used now. 
However, with this system, we cannot forecast tsunami 
height because there is no method for calculating a single forecast 
from multiple cases in the sum set. This cannot be refined down to 
one using the observed hypocenter information and tsunami 
waveform information from multiple cases, and an accurate forecast 
of tsunami wave height is not possible. Therefore, with systems that 
simply extend current database methods like this, the information 
necessary for tsunami inundation warnings, which is when the 
tsunami will arrive, where it will hit, and what the tsunami water 
level will be cannot be obtained. It is difficult to construct a system 
for tsunami inundation warnings with database methods. 
 
1.2.2 Real-time simulation 
 Methods of implementing tsunami inundation warnings 
via real-time simulation have been studied. The fundamental 
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reason for performing tsunami propagation calculations in advance 
and recording multiple cases using database methods as described 
in the previous section is because the future occurrence of 
earthquakes cannot be predicted. In general, the initial wave source 
of a tsunami is constructed by converting the crustal deformation 
from an earthquake into water surface fluctuations [83]. Because of 
this, various hypocenter parameters are necessary for the 
calculation of tsunami propagation and inundation. However, this 
cannot be predicted. Though the prediction and forecast of 
earthquake occurrence is itself a subject currently being 
enthusiastically researched in the field of seismology, it is difficult 
to determine hypocenter parameters that are detailed enough to 
construct the initial wave source of a tsunami that can be predicted. 
Consequently, it is necessary to calculate various cases similar to 
database methods; however, the finite nature of databases and their 
retrieval characteristics have become an issue. 
 
On the other hand, tsunami inundation calculations that utilize 
real-time simulations perform simulations using the time lag from 
when the earthquake occurs up until the tsunami arrives. In the 
case of a seismic wave, even with a transversal wave with a slow 
propagation velocity, it will propagate on the order of several 
seconds to several hundred seconds, but in the case of a hypocenter, 
the tsunami arrives several seconds to several hours after a seismic 
wave. Because of this, it is possible to determine hypocenter 
parameters from the information on the seismic wave’s arrival and 
then perform simulations up until the tsunami reaches the shore 
[34]. In Japan, systems such as GEONET [32] and Hi-net [33] 
operate as seismic observation networks. In addition, with tsunami 
observation equipment established offshore, observation networks 
also observe tsunamis before they reach the shore. Examples of such 
networks include the National Oceanic and Atmospheric 
Administration’s Deep-Ocean Assessment and Reporting of 
Tsunamis (DART) [78], DONET [77] operated by JAMSTEC (Japan 
Agency for Marine-Earth Science and Technology), and NOWPHAS 
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(Nationwide Ocean Wave information network for Ports and 
HArbourS) [72], primarily managed by the Ministry of Land, 
Infrastructure, Transport and Tourism, and it is thought that these 
can also be used to collect data on tsunamis observed in practice. 
When using these sorts of observation networks to perform 
tsunami inundation simulations after the occurrence of an 
earthquake, the speed of such calculations presents a problem. 
There is almost no time available when performing tsunami 
inundation simulations after determining the actual hypocenter 
parameters and announcing those results as a warning while taking 
into consideration the time needed for citizens to evacuate. In 
particular, when it comes to tsunami inundation region calculations, 
the non-linearity is large, and compared to the open sea, calculation 
time is required. In reality, calculations at a practical speed are 
possible for tsunami warnings with real-time calculations of 
tsunamis that do not include wave run-up regions [35]. However, 
when including inundation regions, even using the K Computer, 
which is currently the fastest computer in Japan, the ratio for the 
time for calculating targets to the time required for calculations 
does not exceed 3. In other words, for the calculation of the 
propagation of a tsunami with a 10-minute interval, it is necessary 
to perform a simulation that uses more than three minutes. Thus, 
although it is time-consuming to calculate the inundation of regions 
by a tsunami, it is considered to progress with the shortest 
calculation time of all these, and it is a technique that solves 
shallow water equations via a finite difference method. 
 
1.2.3 Manning roughness 
It has already been stated that shallow water equations are 
effective for real-time inundation simulations of tsunamis. However, 
when calculating tsunami inundation using shallow-water 
equations, one more parameter, called the Manning roughness, 
should be determined.  
The Manning roughness is a parameter that represents the 
size of the bottom friction, and if it is large, the flow speed will 
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decrease. In terms of the tsunami wave height, energy is lost via 
underside friction, and the wave height becomes smaller. A large 
energy decay and a rough bottom are described by a large Manning 
roughness. This parameter depends on the material properties and 
the state of the material surface. 
However, with tsunami calculations, no matter how fine a 
calculation grid is used, it is still on the order of several meters, and 
the main factor in determining the parameter is the degree to which 
obstacles exist rather than the material properties such as the state 
of the bottom. Specifically, the friction value of a forest where trees 
and shrubs grow thickly should be larger than that of an asphalt 
road. Furthermore, it is thought that water will flow more easily in 
a region where low-rise buildings exist sparsely than in a region 
crowded with skyscrapers, so the friction value will be smaller. Thus, 
it is thought that this parameter changes depending on the land 
usage situation, but even now, research continues to advance 
regarding the problems of how to classify land usage situations and 
how many parameters  
Previous research studies [79][80][81][82][61][62][63] 
provide examples of methods of setting Manning roughness. Most 
studies on equivalent Manning roughness [79][80][81][82] have 
required very fine and detailed data (the type of trees, the height of 
buildings, the direction of alleys, and so on). However, we cannot 
always investigate in detail all parts of areas near a coastline. 
Therefore, these data, which are constantly changing and required 
for a simulation, are difficult to obtain. For this reason, these 
methods are not suitable for the realization of the system we want. 
To realize a real-time tsunami inundation simulation, we must 
focus on methods in which the spatial distribution of the friction 
parameter is constructed from a database that has been published 
widely. 
To the best of our knowledge, only three studies, noted 
below, have dealt with ways to obtain an equivalent Manning 
roughness for a real-time simulation. From the results of a 
hydraulic model experiment, Fukuoka et al.[62] proposed that the 
Tsunami modeling of the land use effect for tsunami inundation simulation 
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equivalent Manning roughness be determined by the occupation 
grade of the obstacles. Aida’s method [61] gives the equivalent 
roughness constant for each region. Kotani et al. [63] proposed a 
method for determining the Manning roughness categorized by land 
use.  
The problem that we must consider next is how to choose a 
method to determine the Manning roughness. At present, we do not 
know which method provides a more accurate run-up simulation 
because several methods have been proposed. Therefore, we must 
clarify the relative merits of these methods or propose a new method 
to realize the most accurate tsunami run-u  
 
1.3 Structure of this paper 
This dissertation describes the method of establishing the 
Manning roughness, which is a parameter for the amount of bottom 
drag, and problems in the real-time simulation of a tsunami. 
Several methods exist for establishing the Manning roughness; 
however, the basis in terms of the established size is insufficient in 
all of these methods. 
Therefore, in this dissertation, I propose a new method of 
establishing the Manning roughness that encompasses existing 
methods. By using this setting method, the inundation data from 
past tsunamis, which have only been used qualitatively before, can 
be incorporated in the calculation in a natural way. Then an 
investigation is carried out with respect to the efficiency of 
predicting tsunami inundation using the proposed method and 
existing methods. The structure of the chapters and the contents of 
each chapter are explained below. 
This dissertation consists of eight chapters in total. In 
Chapter 2, the tsunami phenomenon is described from the physical 
point of view, and the causes of various tsunamis are listed. Among 
them, the focus is on the earthquake phenomena. This is because 
Japan is a particularly earthquake-prone country, and the 
frequency of earthquakes is very high; also, by analyzing seismic 
waves observed before a tsunami occurs, it is possible to grasp 
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quickly the whole picture of a tsunami. After the explanations 
regarding the causes of tsunami generation, various characteristics 
that can be observed during the tsunami propagation phenomena in 
the ocean are discussed. At the same time, the dissertation 
describes what types of phenomena are considered for the tsunami 
inundation warning. 
In Chapter 3, various methods to simulate a tsunami are 
described. First, existing equations are introduced as governing 
equations to describe the propagation of a tsunami on the sea and 
the run-up on land, as well as how they are derived. Then, the 
discretization methods required for solving the equations by 
numerical calculations are explained. By comparing these equations, 
it can be clarified what kind of specific problems need to be solved in 
a tsunami simulation to generate a tsunami inundation warning. 
Chapter 4 explains the Manning roughness, one of the 
parameters within the simulation. Although the Manning 
roughness is initially a parameter representing the amount of 
bottom drag, in the simulation of a tsunami, methods exist to 
provide the effects of buildings and obstacles on land by including 
them in the calculation. This means that obstacles on land are 
modeled as resistance in the location where a building is present. 
However, even though such a method is effective, several methods 
have been suggested as a way of establishing the size of the actual 
Manning roughness value, and a uniform view as to which method 
should be used does not exist. The existence of such problems is 
explained in detail within this chapter. 
Chapter 5 describes the results of the investigation on how 
much difference a change in the Manning roughness causes in the 
tsunami inundation range in the case of some of the existing 
methods of providing the Manning roughness. From the results of 
one-dimensional simulations performed using various values for the 
Manning roughness, it was revealed that the method of providing 
the Manning roughness has significant effects on the inundation 
range. This indicates that, when using existing methods, selecting 
which method to be used is an issue. 
Tsunami modeling of the land use effect for tsunami inundation simulation 
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In response to the previous chapters, a new method to 
establish the Manning roughness is proposed in Chapter 6 in a form 
that includes existing methods. This is a linear combination of 
existing methods and a new method to construct the Manning 
roughness. When determining the coefficients of the weighted 
average of the linear combination, tsunami inundation data in the 
past were quantitatively used. Such an approach as the proposed 
method to establish the Manning roughness by quantitatively using 
previous data on tsunami inundation depth has never been 
implemented before. The estimation efficiency of the existing 
methods was compared to this newly proposed method by carrying 
out one-dimensional simulations. Furthermore, the robustness of 
the estimation efficiency when varying the input waveforms was 
investigated using the jackknife method. Artificial waveforms and 
the actual waveforms observed during the Great East Japan 
Earthquake were used as input waveforms. 
In Chapter 7, two-dimensional simulations were carried 
out to compare the estimation efficiency between existing methods 
and the proposed method. As observed data for the tsunami 
inundation depth, the results of the tsunami trace investigation 
after the Great East Japan Earthquake was used. Then, from the 
analysis of the coefficients of the weighted average in the proposed 
method, the nature of the new method and the characteristics of 
existing methods are discussed. 
Suggestions and what has been revealed in the present study are 
described in the last chapter by providing an overview of what has 
been stated so far. Then, based on this information, potential issues 
in future research are explained. 
 
 
 
 
 
 
 
Tsunami modeling of the land use effect for tsunami inundation simulation 
 13 
Chapter 2 
Tsunami phenomena 
 
In this chapter, the tsunami phenomenon is reviewed with 
a focus on the generation and propagation processes of tsunamis. 
Possible causes of tsunami generation are listed, and among them, 
the focus of this study is explained in detail. Then, the 
characteristics of the tsunami phenomenon are described, and the 
effects that are included and excluded in the calculation of tsunami 
inundation are explained. 
 
2.1 Origin of tsunami 
The initial conditions of tsunami simulation are calculated 
from the behavior of phenomena that cause tsunamis. When an 
earthquake-driven tsunami is considered, there are cases in which 
the fault movements do not end instantly and the temporal behavior 
of the fault movements becomes an issue. In cases when a tsunami 
is caused by a landslide, a meteor strike, or a sector collapse, 
conditions such as flow rates and water levels may be required. The 
specific mechanisms of tsunami generation are explained here. 
When a landslide occurs on the coast or at the bottom of the 
sea, a tsunami is caused by the inflow of sediment into the sea or 
the movement of sediment on the seabed. Once changes in the water 
level occur, the propagation of the tsunami is calculated using a 
basic equation. An issue of the initial values is how to calculate the 
water level changes that landslides cause on the sea surface. In a 
previous study, the sediment of a landslide was regarded as a group 
of multiple blocks of rock that did not change in form, and each 
block was considered a particle to calculate movement mechanically 
[36]. This method, which determines the initial conditions required 
to calculate a tsunami by characteristics such as acceleration at the 
moment when sediment fell into the water, was used in that study. 
As described above, the prediction and simulation of 
landslides is essential when considering tsunamis caused by a 
landslide. Currently, various studies are being carried out on the 
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real-time prediction of landslides [37][38][39]. 
Various types of tsunamis are caused by volcanic eruption. 
A major example was the volcanic activity of Mount Unzen in 1792 
and the tsunami it triggered [40]. Although this disaster is believed 
to have been caused by volcanic activity, the generation model of 
this particular tsunami is considered similar to the landslide cases 
described above. 
The tsunami caused by the activity of the Krakatoa volcano 
in 1883 [41] is an example of large tsunami generation in a situation 
that differed from that of Mount Unzen. The mechanism of this 
tsunami and how it occurred have not been confirmed due to a lack 
of accurate information as a result of limited visibility caused by the 
vast amount of volcanic ash produced by the eruption. In general, 
the possible mechanisms of tsunami generation related to volcanic 
eruption include an island and volcanic rocks that are blown up and 
fall onto the sea surface, a vapor explosion that occurs under the 
water and pushes the water level up, and seawater rapidly flowing 
into a cavity left by the collapse or disappearance of an island [41]. 
 
2.1.1 Earthquake 
I describe earthquake in detail here because the tsunami 
inundation warning that is the purpose of this study is a 
countermeasure against tsunamis caused by earthquakes. 
 
2.1.1.1 Fault movement 
Earthquakes are fault movements, and a fault is described 
by a number of fault parameters. Figure 1 shows the definition of 
these parameters. The location of a fault is given by the latitude, 
longitude, and depth at a certain point on the fault surface. The 
depth of a fault that appears with a strike slip on the surface of the 
earth is zero. The geometry of earthquake faults can be represented 
by the strike φ, the dip angle , and the slip angle . The fault 
strike φ  is the angle between the north direction and the 
intersection of the fault surface and the horizontal plane; the values 
are between 0° and 360° in a clockwise direction. The fault dip angle, 
! !
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, is the angle between the fault surface and the horizontal plane, 
and the values are between 0° and 90°. The fault slip angle  is 
the direction of relative slip from the upper ground to the ground 
below, and it is measured anticlockwise from the horizontal line on 
the fault surface. It is usually defined between −180° and 180°. 
The slip angle divides faulting into a few typical categories, 
as shown in Figure 2. When , it is called a left-lateral 
strike-slip fault, when , it is called a right-lateral strike-slip 
fault, when , it is called a dip-slip reverse fault, and when 
, it is called a dip-slip normal fault. In the case of strike-slip 
faults, the fault dip angle is often 90°, and many cases of dip-slip 
faults are low-angle reverse faults with a low-angle dip of 45° or less. 
In general, a majority of large earthquakes that occur on convergent 
boundaries are caused by low-angle dip-slip reverse faults, those on 
divergent plate boundaries are caused by dip-slip normal faults, and 
those on transform boundaries by strike-slip faults. 
Some faulting occurs with an intermediate fault slip. In 
this case, the strike-slip component is represented by , and the 
dip-slip component is represented by . The slippage (the 
amount of slip), the movement of the upper ground against the 
lower ground, is represented by . It can be divided into a 
strike-slip component, , and a dip-slip component, 
. 
The size of a fault is represented by the length  and the 
width . As the length of a fault is measured in the strike 
direction and the width in the dip direction,  could be larger 
than . By using the shear modulus  of the ground near a fault, 
these parameters can be correlated to the seismic moment , 
which represents the magnitude of an earthquake, as follows: 
 
Mo = µuLW .      (2.1) 
 
The shear modulus  is also called Lamé's second parameter. The 
!
!
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seismic moment is a double-couple moment applied to a point source 
when a faulting is represented as a point source, and it can be 
directly acquired by analyzing seismic waves. When the unit of 
seismic moment is , the moment magnitude  can be 
calculated by the following relational equation: 
 
Mw =
logMo ! 9.1
1.5 .
     (2.2) 
 
This is also called the Richter scale. The moment magnitude is an 
equally valuable parameter, as earthquake magnitude has been 
conventionally used as a parameter to indicate the size of 
earthquakes. 
An actual faulting usually starts at a single point and 
spreads at two to three kilometers per second (the rupture velocity), 
and the fault movement at a single point ends within a finite rise 
time. The size of faults causing great earthquakes of magnitude 8, 
which generate large tsunamis, are several hundred kilometers in 
length, and faulting completes within a few minutes. On the other 
hand, the propagation speed of a tsunami is approximately 0.2 
kilometers per second at a depth of 4,000 meters, and it takes at 
least ten minutes to propagate over a few hundred meters of the 
hypo-central region. Therefore, tsunami generation by fault 
movement can be considered instantaneous compared to the 
propagation of tsunamis, and such models are often used as an 
initial wave source for tsunamis. 
There are various types of faulting, and to keep it simple, 
the displacement patterns on the ground created by dip-slip reverse 
faults are explained in the section intersecting the fault strike. In 
short, the surface just above the reverse fault rises. Where the fault 
reaches the surface of the earth, discontinuity of the displacement 
pattern occurs. When the fault dip is small (such as 30°), an area of 
sedimentation appears on the upper ground (in the area just above 
the lower end of the fault surface). While the fault dip is greater 
than 45°, although the area of subsidence no longer occurs, the 
N !m Mw
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amount of sedimentation of the lower ground increases. As the fault 
dip becomes greater, the amounts of the elevation and 
sedimentation become closer, and in a case where the fault surface 
is vertical, the amounts become equal. When the fault does not 
reach the earth’s surface, the displacement pattern on the ground 
surface becomes continuous. Since inter-plate earthquakes near 
ocean trenches are caused by low-angle reverse faults, it is expected 
that the seabed will rise directly above the fault and fall on the 
land-side of the lower end of the fault. 
The elasticity theory of dislocation was used in the actual 
calculation of the ground surface that displaces with a fault 
movement using fault parameters. This theory was formulated by 
Steketee. 0. In infinite isotropic homogeneous elastic material, 
when the discrepancy of displacement  on a plane  is given, 
the displacement of any point  can be described as follows: 
 
uk =
1
F !ui !"ij!uk
n,n +µ uki, j +ukj,i( )"# $%! j d&&' .
  (2.3) 
 
Here,  and  are Lamé's parameter for an elastic body, and  
is the Kronecker delta.  is a unit normal vector on a plane, and 
 is a the  direction component of the displacement at any point 
that occurs when the force of size acts on a point source toward 
the  direction.  also represent the space derivative of the  
direction component toward the  direction. Normally in 
calculation, displacement in an earthquake is considered 
displacement on the surface of a semi-infinite medium. It is 
calculated by directing a mirror image of the hypocenter toward the 
hypocenter to cancel out the stress on the surface. Studies are also 
being carried out to analyze finite rectangular faults [42][43]. 
The distribution of a displacement on the surface caused by 
a strike-slip fault and a dip-slip fault is considered next. As it is 
mainly displacement in the vertical direction that significantly 
contributes to the generation of a tsunami, at first, it is focused on 
!ui !
!uk
! µ !i, j
!
uij i
F
j i, j i
j
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only the displacement in the vertical direction. When it is caused by 
a strike-slip fault ( ) on a vertical fault plane, the 
horizontal displacement becomes large on the surface and the 
vertical displacement appears near both ends of the fault. This is 
because the slip discontinues at the end of the fault, rises when the 
amount of crust becomes excessive, and subsides when the amount 
of crust becomes insufficient. In the case of a dip-slip reverse fault 
( ), as explained previously, it rises just above the 
fault plane and a sedimentation area appears behind it. 
If the seabed is a complete plane, the horizontal component 
of a crustal deformation does not contribute to a tsunami; however, 
if the seabed is on a steep slope, the sea level fluctuates by the 
horizontal component of a crustal deformation. When each 
component of a crustal deformation in the  (horizontal) 
direction and the  (vertical) direction is , respectively, 
and the submarine topography is represented by the water depth 
( ), the vertical component of the displacement that takes into 
account the slope in the submarine topography is follows: 
 
u = ux
!H
!x +uy
!H
!y +ux .
    (2.4) 
 
All the above discussions have implicitly assumed that the 
amount of slip on the fault is constant. According to recent studies 
in seismology, it is becoming clear that slips on faults are not 
constant and that there are parts where large amounts of slip occur 
locally. The non-uniformity of fault movements is becoming clear 
from the analysis of not only seismic waves but also tsunami 
waveforms and the GPS network that is deployed in the Japanese 
Islands. 
  
! = 90°, " = 0°
! = 30°, " = 90°
x, y
z ux,uy,uz
H
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Figure 1: Definition of fault parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Type of fault. 
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2.1.1.2 Efficiency of tsunami generation 
As explained previously, a tsunami is a wave transmitted 
to the surrounding area when a water-level difference on the surface 
occurs for some reason. When it is caused by an earthquake and the 
crustal displacement happens very slowly, a small tsunami is 
generated as it starts to propagate to the surrounding area before 
the crust reaches the final displacement. That is, the efficiency of 
tsunami generation declines compared with the case where it is 
assumed that the crust has instantly reached final displacement. 
Kajiura [46] discusses this problem based on a theoretical 
solution. Although it depends on the form of a wave source, the 
efficiency of tsunami generation is stated as follows: based on the 
potential energy of the final displacement of the crust that is 
transmitted to the static wave surface, if , 94–96% of it 
becomes the wave energy and is transmitted to the surroundings. 
Here,  is defined as the velocity of the wave ( ),  is the 
time that is required to reach the final displacement, and  is the 
length of a wave source in the minor axis direction. If , it 
is around 88–94%. For example, when the water depth is 2,000 
meters and the length of the wave source minor axis is 70 
kilometers, the efficiency of the tsunami generation is 95% when  
is 50 seconds and 90% when  is 100 seconds. Although it is 
difficult to determine  in reality, if it is assumed to be three to 
four kilometers per second, similar to the progress rate of the fault 
movement, and the length of a fault to be approximately 300 to 400 
kilometers,  will be around 100 seconds. Therefore, directly 
using the final displacement of the crust as an initial water level 
does not cause a large error in this case. However, when the value of 
 exceeds 0.5, the efficiency of tsunami generation decreases 
rapidly, and when , the tsunami energy transferred to 
the surroundings is only 10–30% of the energy of the final 
displacement of the crust that is transmitted to the static wave 
surface. In the example above, the efficiency of tsunami generation 
rapidly decreases when  exceeds 250. 
cT A = 0.1
c gH T
A
cT A = 0.2
T
T
T
T
cT A
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So far, the focus has been on the energy of a tsunami; 
however, when focusing on other aspects, such as the maximum 
wave height, it shows slight changes. For example, when assuming 
 as the length of a wave source of the long axis, if , the 
tsunami energy decreases linearly as  increases, although the 
maximum wave height decreases only up to a value around 
. 
The effects of time have been considered so far. However, 
considering the fact that the crust starts to move suddenly from a 
stationary state in an earthquake, it is apparent that it generates a 
compression wave, which is a sound wave. Since the velocity of 
sound in the water is 1,500 meters per second, if the water depth is 
around 1,000 to 2,000 meters, the compressive wave generated by 
an earthquake reaches the water surface in about a second. The 
compressive wave is reflected on the sea surface so that it is 
multiply reflected between the sea bed and the sea surface. This 
means that, if  or so, the energy of the compressive wave 
becomes similar to the energy of the crustal displacement converted 
to the static wave surface displacement. For example, when the 
water depth is 2,000 meters, the length would be 29 seconds. In 
normal earthquakes in which the crustal deformation lasts more 
than a minute, the energy of a compressive wave can be negligible 
compared to the energy of a tsunami itself. 
 
2.2 Tsunami propagation phenomena 
The characteristics of the tsunami propagation process 
after the generation of a tsunami are described next. The first 
principle of explaining the fluid motion is the Navier-Stokes 
equations. However, the cases to explain such a large-scale fluid 
phenomenon like a tsunami using these equations are rare due to 
many technical challenges such as the setting of computation time, 
initial conditions, and boundary conditions. Therefore, the long 
wave theory is often used in the calculation of a tsunami as a wave 
equation that is integrated along the depth of the water. The long 
B B A = 5
cT A
cT A =1
T = 2 H g
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wave is a wave of which the wavelength is significantly larger than 
the water depth. The long wave theory is based on the long wave 
approximation, in which the wavelength  is larger compared to 
water depth . 
When considering a tsunami caused by an earthquake, the 
fluctuation of the water level immediately after the earthquake 
normally spreads over ten to 100 kilometers, and in some cases, the 
fluctuation propagates over several thousand kilometers. On the 
other hand, the depth of the ocean is a few kilometers at most. This 
means that a tsunami can be described as a long wave with a 
wavelength sufficiently longer than the typical water depth. Among 
the theories of the long wave, the simplest equation that shows the 
behavior of a tsunami in the open ocean is the linear long wave 
equation. 
However, depending on the size of the region to be 
calculated and the distribution of the frequency components of a 
tsunami, it is necessary to consider the effects, such as dispersion 
relation. Such characteristics of tsunami propagation are 
summarized below. 
 
2.2.1 Dispersion relation 
In the linear long wave theory, waves of any wavelength 
propagate at the same speed when the water depth is constant. 
However, in reality, if the wavelength becomes shorter, the 
hydrostatic pressure creates a gap in the pressure, and this causes a 
velocity difference between wavelengths. The nature of different 
wave velocities caused by the wavelength is called the dispersion 
relation or the wavenumber dispersion relation. Tsunami is 
generally ; the wavelength is sufficiently long and the 
wavenumber is small. However, a tsunami also includes a shorter 
wavelength component, and the wave velocity of the short 
wavelength component decreases as the wavelength becomes 
shorter. Although the effects of wavenumber dispersion relation are 
small when the propagation distance is short, in cases where a 
tsunami propagates long distances, such as across the Pacific Ocean, 
L
H
L >> H
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the wavenumber dispersion relation causes the following changes in 
waveforms: 
 
1) As the speed of a short wavelength component is slow, it 
delays from the front section and only a long wavelength 
component remains so that the front wave becomes smooth 
and long in wavelength. 
2) A row of waves generated by short wavelength components 
forms behind the leading wave. 
 
To replicate such waveform changes, it is necessary to use 
an equation with consideration of dispersion. The linear dispersion 
wave equation is used for deep water rather than the linear long 
wave equation within the same long wave theory, and the 
non-linear dispersion wave equation is used for shallow water. 
In practice, the usage standard for the dispersive wave 
equation is a problem. Hammack and Segur [44] stated that, for the 
first wave of a tsunami of a wavelength around 150 kilometers, 
regardless of the propagation length, it is not necessary to consider 
most of the dispersion relation. However, Honma et al. [45] reported 
that a significant difference was caused by the inclusion of the 
dispersion relation for a propagation distance of 1,000 kilometers. 
Considering these facts, although the dispersion relation theory is 
not always necessary in the case of distant tsunamis, it is better to 
consider the effects of the dispersion relation when the propagation 
distance is over 1,000 kilometers. 
 
2.2.2 Coriolis force, scattering and refraction effect 
The earth rotates, and we can observe motion relative to 
the earth’s rotation. When representing an inertial force of the 
inertial frame by the rotating reference frame, the difference in the 
frames of reference creates a correction term. This is the Coriolis 
force. Although it is not necessary to include the Coriolis force in the 
calculation of small-scale movements compared to the size of the 
earth, it is required when analyzing typhoons or ocean currents. In 
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the case of a tsunami, the Coriolis force is negligible if it occurs in 
the coastal waters, but for tsunamis that propagate over long 
distances, it is necessary to introduce a term for the Coriolis force 
into the equation. In this study, this effect is ignored. 
Second, a scattering effect is incorporated into the long 
wave theory. Reflection and scattering occur when there are sudden 
changes in the submarine topography compared to the scale of the 
wavelength or obstructions such as breakwaters. To keep it simple, 
a semi-infinite breakwater length is considered to be located on the 
horizontal seabed. 
Lines A, B, and C in Figure 3 above represent the travelling 
direction of a wave, and they are called wave rays. Wave ray A is 
reflected when it hits the breakwater. The reflected wave turns back 
to the opposite side on the side of the breakwater. This can be traced 
back to the idea of geometrical optics. Wave ray B travels forward, 
as there is no structure to obstruct it. When looking at the line COE 
along wave ray C with this concept, the incident wave travels 
forward on the right side of OE, but there is no wave component on 
the left side; this could create a sudden step on the water surface at 
OE. Of course, this does not occur in reality, and the waves are 
generated to correct this and make the water surface change 
gradually. This kind of untraceable wave is called a scattering wave 
in the theory of geometrical optics. In this case, a scattering wave is 
generated at point O and travels radially. The wave that travels in 
such a manner as to wrap around to the left side of OE (behind the 
breakwater), in particular, is called a diffraction wave. 
Third, a refraction effect is incorporated into the long wave 
theory. A tsunami that enters the coastline diagonally, as shown in 
Figure 4, is considered here. AB is a line that links the peaks of 
waves of a certain moment and intersects with wave rays. When 
comparing point A to B, as the water is deeper at point A and a 
tsunami travels faster when the water is deeper according to the 
wave velocity of a tsunami, , a wave at point A advances faster 
than at point B. Therefore, the traveling direction of waves 
gradually changes to intersect the coastline perpendicularly. This 
gH
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phenomenon is called refraction. 
If the coastlines and depth contours are all straight lines, 
all the water rays that enter from the same direction will bend in 
the same way. However, actual coastal topography is complex, so 
the refraction becomes complicated. This refraction phenomenon 
creates the possibility that energy will be focused on certain places 
along the actual coastline, and the size of a tsunami will vary from 
place to place due to the effects of refraction. 
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Figure 3: Wave rays in the vicinity of a semi-infinite breakwater [84]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Refraction phenomenon [84]. 
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2.2.3 Bottom Friction  
Tsunamis that visit coastal regions gradually expend 
energy through friction, and eventually decay. Sea-bottom friction 
primarily occurs via vertical eddy motion viscosity in the vicinity of 
the bottom. In order to handle this mathematically, it can be 
handled approximately by adding eddy viscosity terms to the basic 
equation. The investigation of sea-bottom friction is important not 
only for tsunami decay but also for the problems of topographical 
changes and sand movement, and much research is being carried 
out. 
The overall water depth of a tsunami becomes smaller on 
land compared to on the shore. In that case, the ratio of the range 
affected by the vertical eddy motion viscosity in the vicinity of the 
bottom becomes larger, and becomes impossible to ignore when 
performing simulation of wave run-up of tsunamis. When assessing 
sea-bottom friction for tsunami simulations with actual topography, 
parameters that have been determined empirically are often 
introduced. However they may be determined empirically, and the 
handling method will differ compared to other results. Accordingly, 
in Chapter 3 these results will be ignored, and they will be 
discussed once again from Chapter 4 onwards. 
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Chapter 3 
Tsunami propagation and inundation simulation methods 
In Chapter 2, the causes of tsunamis were described. After 
that, I discussed the phenomena observed in the course of tsunami 
propagation. In this chapter, a method to calculate numerically the 
propagation and inundation of a tsunami is explained. First, among 
the equations that represent the propagation of a tsunami, the 
linear long-wave equation is introduced as the basis for the 
long-wave theory. Then, the level flooding method [55], which 
calculates the inundation using the results of this, is introduced. It 
is a very simple method of predicting the inundation range with 
information only about the water level of a tsunami at the coastline. 
However, as it does not represent the dynamic behavior of a 
tsunami and does not provide any time information, this method is 
insufficient for a tsunami inundation warning system. A basic 
equation to obtain the time information for a tsunami on land is 
then introduced, followed by a differential method for this basic 
equation. Finally, a simulation method for the realization of a 
tsunami inundation warning system is discussed. 
 
3.1 Incompetent equations 
Here, the linear long wave equations to represent the 
tsunami propagation and the level flooding method to predict the 
inundation range are both explained. 
 
3.1.1 Linear long wave equations 
A long wave is a wave on the water’s surface that has the 
following characteristics: the ratio of the wave height to the water 
depth is low, and the vertical acceleration of the water particles’ 
movements are sufficiently small compared to the gravitational 
acceleration. The equations describing long waves are broadly 
divided into the linear long-wave equation, the non-linear long-wave 
equation (shallow-water equation) and the non-linear dispersion 
wave theory. The parameters commonly used to describe the 
characteristics of long waves are the wave height to water depth 
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ratio, the relative water depth, and Ursell number, a combination of 
the two measures. The height to water depth ratio is used as a 
measure of the strength of non-linearity, and the relative water 
depth is used to measure the importance of the vertical acceleration. 
By using these parameters, various long-wave equations are derived 
by the perturbation method. 
In general, the propagation of a tsunami in the sea at a 
depth of over fifty meters can be described by the linear long-wave 
equation, neglecting the sea bed friction term and the non-linear 
term. In addition, the run-up of land and shallow water section can 
be described by a shallow-water wave equation incorporating the 
non-linear term. This means that it is necessary to choose an order 
of approximation in equations according to the area where they are 
applied. 
The linear long-wave equation hypothesizes 
non-compressed and non-rotating fluid. It is a wave equation 
derived from basic equations of the mass conservation law and the 
momentum conservation law (Euler’s equations of motion). The 
derivation in the case of a vertical two-dimensional (  plane) is 
shown below. 
 
 Equation of continuity: 
!u
!x +
!w
!z = 0 ,
     (3.1) 
Equation of horizontal motion: 
!u
!t +u
!u
!x +w
!u
!z = "
1
!
!p
!x ,
    (3.2) 
 Equation of vertical motion: 
 !w
!t +u
!w
!x +u
!w
!z = "g"
1
!
!p
!z .
   (3.3) 
 
Here,  represent the horizontal and vertical flow velocity, is 
the pressure, and  is the density. The conditional equation of 
non-rotation is as follows. 
x ! y
u,w p
!
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 !w
!x +
!u
!z = 0 .    
 (3.4) 
 
As boundary conditions, the following conditions are 
considered: pressure conditions on the water surface (the pressure 
is equal to the atmospheric pressure), continuous waveform 
conditions (water particles on the water surface always remain on 
the water surface), and the sea bottom condition (water particles on 
the bottom of the water always remain at the bottom of the water). 
 
Pressure condition on the water surface: 
 	  p = 0 on z =! ,     (3.5) 
 Continuous waveform condition: 
w = !!
!t +u
!!
!x on z =! ,
    (3.6) 
Sea bottom condition: 
w = !u"h
"x on z = !h .
    (3.7) 
 
Here,  represents the water depth from the still-water surface, 
and  represents the water depth. 
Regarding the wave motion of interest, it is assumed that 
the wavelength is long and that the vertical acceleration of water 
particles is low enough to neglect compared to the gravitational 
acceleration (the motion is slow, and the pressure is similar to the 
static pressure distribution), and the wave amplitude is smaller 
than the water depth (small amplitude, which means that the 
linearity is strong). Within equations (3.2), (3.3), and (3.6), the 
terms that are represented by the unknown products (non-linear 
term) are negligible and become the following: 
 
!
h
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  !u
!t = "
1
!
!p
!x ,
     (3.8) 
  0 = !g! 1
!
!p
!z ,    
 (3.9) 
w = !!
!t on z =! .
     (3.10) 
 
 
The equation of hydrostatic pressure  can be obtained 
from equation (3.9). Then the following equation is obtained by 
integrating equation (3.1) from the sea bottom to the water surface 
and substituting equations (3.7) and (3.10) 
 
 
!!
!t +
!(hu)
!x = 0 .     
(3.11) 
 
When the equation for hydrostatic pressure is substituted for 
equation (3.8) and  is eliminated, it becomes the following: 
 
!u
!t + g
!!
!x = 0 .     
(3.12) 
 
Equations (3.11) and (3.12) are called the linear long-wave equation. 
When hypothesizing the horizontal floor ( ) and eliminating 
in this equation, the following second-order wave equation is 
obtained: 
 
!2!
!t2 " gh0
!2!
!x2 = 0 .     
(3.13) 
 
Then the following solution is obtained by solving this with the 
following initial conditions: . 
 
p = !g ! ! h( )
p
h = h0 u
!(x, 0) = f (x), !!(x, 0) !t = "(x)
Tsunami modeling of the land use effect for tsunami inundation simulation 
 33 
!(x, t) = 12 f (x + c0t)+ f (x ! c0t)+
1
c0
"(x)dx
x!C0t
x+C0t"
#
$
%
&
'
(
. 
(3.14) 
 
 represents the wave velocity in this case, and . The 
solution to represent the component wave when the initial 
waveform  is developed by a Fourier series is as follows: 
 
!(x, t) =!0 sink(x ± c0t) .    (3.15) 
 
 is the amplitude of the component wave, and  is the 
wavenumber. The following equation shows the relation between  
and : 
u = ! c0h0
!
.     
(3.16) 
 
When considering the tsunami propagation in the region of 
a water depth over fifty meters, this linear long-wave equation can 
be applied to the first-order approximation. However, even in water 
that is deeper than fifty meters, when considering a tsunami that 
propagates over a long distance, such as across an ocean, the 
dispersion relation explained in section 2.2.1 cannot be negligible, 
and it is necessary to apply the linear dispersion wave equation. 
By using this linear long-wave equation, the behaviour of a 
tsunami from the tsunami source to the coastal area can be 
replicated. However, in shallow water where the water depth is less 
than fifty meters, the linear long wave equation is not completed, as 
the ratio of the wave height to the water depth is not negligible. 
Thus, tsunamis in water shallower than fifty meters must be 
calculated using Green’s law. 
The wave height increases as the tsunami propagation 
approaches land from the open ocean and the water depth drops . 
This is called wave shoaling, and Green’s law can be obtained from 
the energy conservation law at this time: 
c0 c0 = gh0
f (x)
!0 k
!
u
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Here,  can be considered the width of a waterway and the width 
of a wave ray. The subscripts  and  indicate that it is a 
physical quantity at point  or . This means that the wave 
height ( ) is inversely proportional to the one-quarter power of the 
water depth ( ) and the square root of the waterway width. This 
indicates that the height of a tsunami is likely to be amplified at the 
back of a V-shaped bay where the inlet is deep and wide and become 
narrower and shallower as it goes inland. In fact, this effect is 
significant in areas such as the Sanriku Coast, in the Tohoku region 
and in rias on the Pacific coast in the Wakayama Prefecture and the 
Mie Prefecture, and the wave height often becomes higher in these 
areas. When the wave ray is vertical to the coastline and the 
waterway depth ( ) does not change, it becomes the following and 
is sometimes referred to as Green's law: 
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3.1.2 Level flooding method 
 It is possible to simulate the behavior of a tsunami from the 
tsunami source to the coastline by using the linear long-wave 
equation explained above. Here, the level flooding method, which 
can predict the inundation range from the information of a 
tsunami’s wave height on the coast, is introduced. The level flooding 
method was originally developed as a method to obtain the 
inundation range in the hinterland of a coast when a storm surge 
has occurred. In this method, the inundation range of a tsunami is 
obtained by calculating the overflow discharge of seawater per unit 
of width using the time variation of the water level on the coastline 
and assuming that the amount of seawater corresponding to the 
B
a b
a b
!
h
B
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total overflow discharge will be stored on land. 
The overflow discharge can be obtained by the following 
Honma's overflow discharge equation [48]: 
 
 
  Q = 0.35!! 2g!      (3.19) 
 
 indicates the overflow discharge of tsunami per unit of time and 
width here. The water level on land always becomes constant in the 
calculation using this method. Sometimes the water level on land 
exceeds the height of a tsunami on the coast when the influent 
quantity on the land is large; in this case, the height of a tsunami at 
the coastline is set as an upper limit. 
With the level flooding method, the calculation can be done 
in a short amount of time compared to the normal calculation to 
predict tsunami inundation described in the following chapter, as it 
does not simulate the inundation of land caused by a tsunami. 
However, the level flooding method was originally a method of 
estimating the inundation range, not predicting the water level 
distribution or the inundation depth distribution. The water level of 
the inundation range obtained by this method is constant, as it 
neglects all the dynamic behavior of a tsunami and the type of 
tsunami, such as one that runs up slopes is not at all considered, so 
when focusing on the maximum water level, its distribution may 
vary greatly. 
 
3.2 Dominant equations 
With the previous equations, it was not possible to follow 
temporal changes in the inundation of the land by a tsunami. Here, 
some equations where this kind of behavior is reproducible will be 
described. 
First, we must consider Navier-Stokes equations. A 
tsunami is a phenomenon where energy is propagated through the 
motion of a fluid, ocean water. Accordingly, it can be described 
Q
 
 
 36 
through an equation of motion. Here, for the sake of simplicity, it 
will be considered a simplified ideal fluid with no viscosity (a perfect 
fluid). In the field of physics, the equation of motion for an ideal 
fluid is given by second-order non-linear partial differential 
equations called Navier-Stokes equations. These equations are able 
to find using a formula for balance of force of fluid components 
within a micro-region. However, finding such a solution is difficult, 
and analytical solutions can be calculated only in particular 
circumstances. For this reason, it is necessary to find numerical 
solutions using a computer. 
The following is a two-dimensional incompressible 
Navier-Stokes equation obtained using the kinematic viscosity ! , 
pressure p , and fluid density ! : 
 
!u
!t +u
!u
!x + v
!u
!y = !
1
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!x +!
!2u
!x2 +
!2u
!y2
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!v
!t +u
!v
!x + v
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!y +!
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!x2 +
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!y2
!
"
#
$
%
&+Fy.
  (3.20) 
 
Here, u,v,Fx,Fy  are each component of the  direction and the  
direction for velocity and external force. Three-dimensional 
incompressible Navier-Stokes equations are derived in the same 
way, and the following is obtained using the flow velocity  and 
external force at unit mass : 
 
!
!v
!t +
!v "#( ) !v = $ 1
!
#p+"%!v +
!
F
.
   (3.21) 
 
The number of unknowns in Navier-Stokes equations is one more 
than the number of equations. Because of this, continuity equations 
for incompressible fluid are needed to solve them in practice. It is 
possible to calculate the fluid motion by solving these equations 
numerically. 
Second, lattice Boltzmann equations are methods to 
x y
!v
!
F
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reproduce fluid phenomena by solving Boltzmann equations over a 
lattice mesh. Boltzmann equations are equations that assume that 
fluid, which is a continuum, is an aggregate of virtual particles and 
describe macro-scale fluid phenomena by way of collisions and 
translations repeated by particles. In other words, they are 
equations modeled on particle collisions of elements more 
microscopic than Navier-Stokes equations, and they are one variety 
of kinetic equations. According to the BGK approximation [49], 
Boltzmann equations are described as follows: 
 
!f
!t +! "#f = $
1
"
( f $ f eq )     (3.22) 
 
Here,  is the distribution function of the particles,  is 
the microscopic velocity of the particles, and  is the relaxation 
time for collision between the particles.  is the equilibrium 
distribution function expressed in the following Maxwell-Boltzmann 
distribution: 
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exp # ! #u( )
2
2RT
$
%
&
&
'
(
)
) .
   (3.23) 
 
The right side of equation (3.22) is a collision term that 
includes distribution function integrals with original Boltzmann 
equations; however, using the BGK approximation, this is 
simplified from the assumption that the velocity distribution faces 
local equilibrium at a certain fixed time via collisions. In general, 
with lattice Boltzmann equations, this simplified equation (3.22) is 
often called a Boltzmann equation as a fundamental equation. 
The flow of transformation to calculate in practice the 
Boltzmann equation of equation (3.22) over a lattice is as follows. 
 
• For a phase space consisting of physical space with a lattice 
structure and discretized momentum space, solve the 
f ! f x,!, t( ) !
!
f eq
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Boltzmann equation time evolution equation, and find the 
distribution function. 
• Find an appropriate equilibrium distribution function so that 
the macroscopic physical quantity matches the Navier-Stokes 
equations. 
 
Third, the elicitation process of Boussinesq equations will be 
explained. Various types of equations have been developed depending on the 
elicitation method [50]. Here, the Nwogu type [51] of two-dimensional 
Boussinesq equations will be derived using a vorticity equation. 
First, each variable of fluid is defined as shown in Figure 5. The 
-axis and the -axis in the horizontal direction and the -axis in the 
vertical direction are defined, and the still-water surface is set as . In 
addition,  represents the water depth, represents the fluctuation of the 
water level, and  and  represent flow velocity in the 
-direction and the -direction, respectively. The typical water depth and 
typical wavelength are . Using these and the gravitational acceleration 
, normalization will be carried out. 
 
  Xi =
xi
l0
, Z = zh0
, T = t gh0l0 .
   
(3.24) 
 
Here, variables in capital letters represent dimensionless quantity. Next, with
 as a typical wave amplitude, , the ratio of the wave height to the water 
depth as a nonlinearity parameter for shallow water, and , the ratio of the 
water depth to the wavelength as the dispersion relation parameter, are set as 
follows: 
 
! =
"0
h0
, # = h0l0 . 
    
(3.25) 
 
In Boussinesq equations, it is assumed that  and  are far smaller than 1 
and that the size of the non-linear term and the dispersion term are balanced. 
The size of  and  are treated as the same. Using these, the following 
x1 x2 z
z = 0
h !
ui i =1,2( ) w xi
z
h0, l0
g
!0 !
!
! !
! ! 2
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dimensionless quantity is defined. 
 
Ui =
ui
! gh0
,W = w
"# gh0
, N = $
%h0
, P = p
&gh0
, H = hh0 .
 
(3.26) 
 
Here,  means pressure and  means density, and although  
and  have equivalent parameters,  and , different 
expressions are given here as a matter of convenience. 
Using the dimensionless quantities above, the following 
equation is obtained by integrating the described continuity 
equation in two dimensions and a equation of motion in the 
horizontal direction from the sea bottom to the water surface. 
 
!
!Ui
!Xi
+"
!W
!Z = 0 ,
     
(3.27) 
(3.28) 
 
Here,  indicates the pressure at the sea bottom. In addition, the subscripts 
 represent the horizontal direction and are in accordance with summation 
convention. The Boussinesq equations are obtained from this equation and the 
dimensionless vorticity equation [52]. The dimensional Boussinesq equations 
in consideration of  are as follows. 
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   (3.30) 
 
Here,  is set and  are defined as follows: 
p ! !
! µ !
!
!
!T Ui dZ"H
"N
# +! 2 !
!Xi
UiU j dZ +"H
"N
# !
!Xj
PdZ
"H
"N
# = Pb
!H
!Xi
Pb
i, j
O !"# 2,"# 2( )
!
!t h+!( )ui{ }+ g h+!( )
!!
!xi
+
!
!xi
h+!( )uiuj{ }
+ h2B !
3 huj( )
!t!xi!x j
+
h3
2 B
2 !
3uj
!t!xi!x j
= 0
i =1,2 A1,A2,B
 
 
 40 
 
A1 =
1
2
za
h
!
"
#
$
%
&
2
'
1
6, A2 =
za
h
!
"
#
$
%
&'
1
2, B =
za
h
  
(3.31) 
 
These equations are Nwogu-type Boussinesq equations. However, Boussinesq 
equations have several elicitation methods, and depending on how 
nonlinearity and dispersiveness are defined, the parameter values might 
change. In any case, when these are numerically calculated under appropriate 
boundary conditions, tsunami waveforms can be predicted. 
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Figure 5: The definition of each variable of fluid.  
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3.2.1 Shallow water equations 
 Shallow-water equations are one group of equations in long wave 
theory and can be obtained by scaling indicated when deriving Boussinesq 
equations and by perturbation expansion. In this chapter, for simplification, 
we will focus on the calculation of one-dimensional shallow-water equations. 
The dimensionless quantity, which is carried out scaling in the same way as in 
the explanation of Boussinesq equations, will be defined. The dimensionless 
horizontal coordinates , the dimensionless vertical coordinates , the 
dimensionless time , the dimensionless wave height , the dimensionless 
water depth , the dimensionless flow velocity , and the dimensionless 
pressure  are introduced. However, subscript  for  are removed 
to consider the one-dimensional shallow-water wave. In addition, as a 
dimensionless parameter, , the ratio of the wave height to the water depth 
as the nonlinearity parameter for shallow water, and , the ratio of the water 
depth to the wavelength are defined. Furthermore, for simplicity,  is 
defined as . 
Next, using these dimensionless quantities, when equations (3.1)–
(3.7), which were used to elicit the linear long-wave equation, are rewritten, 
the following equations are obtained: 
 
,      (3.32) 
 
,   (3.33) 
 
,  (3.34) 
 
,     (3.35) 
 
,    (3.36) 
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,   (3.37) 
 
,   (3.38) 
 
When the relative water depth is small but the wave height to water depth 
ratios cannot definitely be approximated as small, perturbation expansion is 
applied as . In dimensionless equation (3.32), (3.38) to set 
, the dependent variables are expanded as follows: 
 
N = ! nNn
n=0
!
" , U = ! nUn
n=0
!
" , W = ! nWn
n=0
!
" , P = ! nPn
n=0
!
"
. 
(3.39) 
 
Then the dimensionless equations are as follows: 
 
,    (3.40) 
 
,  (3.41) 
 
,    (3.42) 
 
,    (3.43) 
 
,   (3.44) 
 
, (3.45) 
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.  (3.46) 
 
Therefore, when simplifying these in the same way that the linear 
long-wave equation was derived from the approximation of , the 
following shallow-water wave equation can be obtained: 
 
!N0
!T +
!
!X H + N0( )U0
"# $%= 0, !U0
!T +U0
!U0
!X +
!N0
!X = 0 . 
(3.47) 
 
When this equation is rewritten with dimensions, the following is obtained:  
 
!!
!t +
!
!X h+!( )u
!" #$= 0, %u
!t +u
!u
!x + g
!!
!x = 0 .  
(3.48) 
 
This equation describes the phenomenon in which physical quantities are seen 
to be changing as in Eulerian description by showing that fluid with a space of 
 moved, which term does not exist in the Lagrangian description. 
These changes are called advection, and  is sometimes called an 
advection term.  
Here, equation (3.48) is described using the average cross-sectional 
flow velocity. However, when there is rapid change in the water depth, there 
can be discontinuity. When considering the flow per unit of width, also 
known as the line flow, it becomes easier to handle if that can be prevented. 
When applying such replacement of variables, the following are obtained: 
 
!!
!t +
!M
!x = 0 ,     
(3.49) 
.    
(3.50) 
 
When calculating in the same procedure as in the one-dimensional 
shallow-water wave equation, the two-dimensional shallow-water wave 
equations are as follows: 
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,    (3.51) 
 
,  (3.52) 
 
.   (3.53) 
 
However,  are line flows in each direction on the  horizontal 
plane. In addition,  represents the total water depth and is shown as 
. The first term in the right side of equation (3.52) (3.53) is called 
the local term, the second term and the third term are called advection terms, 
and the fourth term is called the gravity term. 
 
3.3 Discretization methods 
 The method to describe a tsunami as a fluid phenomenon was 
addressed in the previous chapter. However, all but lattice Boltzmann 
equations are described in the partial differential equation. In addition, to 
actually perform the calculations on a computer, appropriate discretization is 
needed. In this chapter, the following methods are explained: the finite 
difference method, which describes the partial differential equation as 
simultaneous equations using finite difference approximation, the finite 
element method, which uses the weighted residual method and discretization 
approximation, and the smoothed-particle hydrodynamics method, which 
defines a fluid as an aggregate consisting of a number of particles. 
 
3.3.1 Finite difference method 
 The finite difference method is a method that uses time and space 
coordinates as independent valuables. The basic idea of the finite difference 
method is to replace partial differential coefficients in partial differential 
equations with approximate values using Taylor series expansion at desired 
points. For example, partial differential coefficients  for a continuous 
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function  are defined by the limits as follows: 
 
  !
!x F x, t( ) = lim!x"0
F x +!x, t( )#F x, t( )
!x ,   
(3.54) 
 
Instead of taking the limit of , if defining  as a negligible 
quantity , the following approximation is obtained: 
 
!
!x F x, t( ) "
F x +#x, t( )$F x, t( )
#x .   
(3.55) 
 
This is a finite-difference approximation for . This difference 
approximation is called the forward difference. The error of this 
approximation can be examined using Taylor expansion at . 
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(3.56) 
 
From this fact, equation (3.55) can be found as follows: 
 
 !
!x F x, t( ) =
F x +"x, t( )#F x, t( )
"x +O "x( ) .  
(3.57) 
 
In the same way, from , the following are obtained: 
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and the following equation is derived: 
 
!
!x F x, t( ) =
F x "#x, t( )"F x, t( )
#x +O #x( ) .  
(3.59) 
 
This is called the backward difference. In addition, the difference between 
equation (3.56) and equation (3.58) is 
 
!
!x F x, t( ) =
1
2
F x +"x, t( )#F x #"x, t( )
"x +O "x( )
2( )  (3.60) 
 
This is called central differences. The previous are approximations of 
first-order differentiation obtained from each difference. The smaller the 
value of  in these equations is, the more precise the approximation will 
be. 
Here, two-dimensional space as  and time as  are defined. 
Each valuable is discretized by . At this time, the physical quantity 
on th, th, and th grid point for  is shown as . Here, it is 
assumed that the following continuity equation in two dimensions is 
discretized. 
 
!!
!t +
!M
!x +
!N
!y = 0 .    
(3.61) 
 
Here,  is the wave height, and  is the line flow. 
In general, there are two methods to define these grids for physical 
quantity. The simplest method is a collocated grid in which all the physical 
quantities (two or more) are defined in the same place. On the other hand, the 
method often used in the field of hydromechanics is a staggered grid in which 
the places for the definition of physics are shifted when setting. When using 
this method, the coupling between valuables is more stable than when using a 
collocated grid, so there is less chance that the calculation will fail. In addition, 
there is also the advantage of the ease of setting boundary conditions. In 
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particular, quantities originating from vector quantity, such as , are 
often shifted by a half grid against the scalar quantity, such as the wave height 
 and pressure. In this case, the allocation is as shown in Figure 6. 
On this staggered grid, the forward difference is considered to be 
for time, and the centered difference is for space. This method is called the 
leap-frog scheme. By applying the scheme, each term in equation (3.61) is 
given as follows: 
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.    (3.64) 
 
When simplifying these expressions, an equation is obtained as follows: 
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(3.65) 
 
 
Furthermore,  can be calculated. 
Next, the integral discretization of the equations of motion (3.52) 
and (3.53) for shallow-water equations is considered: when the leap-frog 
scheme is considered on a staggered grid, variables in time difference terms 
appear in space difference terms. In particular, the valuables  for the 
time difference at local term appear in the advection term of the space 
difference term. The calculation points of the advection term and the local 
term are shown in Figure 7. Therefore, the error is greater than the centered 
difference, and regarding time on the order of , the second-order 
differential term will remain. If this is left as it is, it has the same effect as in 
diffusion with a negative coefficient, which works to increase error as errors 
are collected. The method to compensate for the errors that occur in the 
advection term is the upwind difference scheme. 
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In the case of integral discretization of derivative terms by  in 
terms that contain flow at the stage of , there are two differences: 
the forward difference, which uses the difference between  and 
 for , and the backward difference, which uses the 
difference between  and . The space width for these is 
. When the direction of flow is in a positive direction, in applying the latter 
method, combined with the effect above, the calculations will not become 
unstable. 
There is another effect to be concerned with when the staggered 
grid is used: the average of the neighborhood must be used because not all 
valuables are defined at the same location. In particular, that is the handling of 
 in the equation of motion. In case of , the centered 
difference can be used, but because in ,  is not defined at the 
calculation position, this cannot be calculated. These problems can be solved 
by using the mean value of the nearest . 
Using the finite difference mentioned above, partial differential 
equations can be calculated.  
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Figure 6: Placement of the calculation point with leap-frog scheme and 
staggered grid (Top: x-y plane, Bottom: x-t plane). The information needed to 
calculate the green point is represented as an red arrows, orange arrows and 
blue point.  
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Figure 7: Placement of the calculation point of advection term and local term. 
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3.3.2 The finite element method and the SPH method 
The finite element method is a method to solve differential 
equations in which the weak form is sought through the weighted residual 
method; discretization approximation is performed; the finite element 
equation is obtained; and the finite element equation is numerically calculated. 
In the finite element method, in the case of a two-dimensional area of 
calculation, this area is expressed by an aggregate of quadrangles and 
triangles. Each triangle and quadrangle is set at a finite size and called an 
element. The vertex of the element is called the nodal point, and the netlike 
appearance that comprises the side of the element is called the grid or mesh. 
Because the shape and size of the elements are defined without restriction, 
they can be divided into shapes that match the shape of the boundary, which 
allows its shape to be represented with precision. 
In the finite element method, approximation equations for physical 
quantities desired for each element can be defined. The physical quantity of 
any point within the elements can be sought by the interpolation of the 
physical quantity at the nodal point of the element. By concisely dividing 
elements in the areas where physical quantities are expected to change 
dramatically, such as the object surface and shallow water, and roughly 
dividing elements in the areas where changes are slow, this method is 
expected to have a high accuracy of analysis while minimizing the amount of 
memory and calculation needed. 
In the finite element method, partial differential equations derived 
from mathematical models cannot be directly solved. Using a method after 
integrating the model equation, its solution can be calculated. In fluid analysis, 
using the weighted residual method, the model equation is converted into the 
integral equation. 
The smoothed-particle hydrodynamics (SPH) method is 
slightly different from the existing discretization methods. The SPH 
method approximately solves partial differential equations such as 
the momentum conservation law and the energy conservation law 
by the integration of kernels. The name of the SPH method derives 
from the fact that each kernel can be considered a particle. 
The basic difference between the SPH method and a 
conventional difference method is that the SPH method 
approximates a function based on randomly distributed points 
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(particles), while a difference method uses an algorithm to 
approximate lattice-based spatial derivatives. By a lattice-based 
method, as in a difference method, using a space lattice to integrate 
partial differential equations, adjacent particles are fixed in place. 
On the other hand, in the SPH method, particles to be measured are 
randomly distributed and move as time elapses. Therefore, the SPH 
method can solve the large deformation problems deemed difficult 
when using a lattice-based discretization method. 
 
3.3.3 Best method of tsunami real-time inundation simulation 
In the previous sections, we explained the basic equations 
and discretization methods as a simulation method for tsunami 
inundation on land. Now we consider the best method for a tsunami 
inundation warning among the methods introduced. First, we can 
eliminate the combination of the linear long-wave equation and the 
level flooding method from the basic equations, as a dynamic 
solution for the phenomenon of tsunami inundation on land is 
unavailable. All the other methods express the dynamic behavior of 
tsunami on land, so they are deemed no problem. Next, we should 
consider the time needed for calculation. We expect a system to 
perform a simulation by using actual information about the 
observed hypocenter in the wake of an earthquake. Therefore, 
real-time simulation is essential. This means that there is a need to 
complete the calculation of a tsunami inundation before a tsunami 
reaches the coast after an earthquake strikes. In addition, it takes 
time to issue a warning to announce a tsunami to the people and for 
them to evacuate to safer places. It is preferable that the simulation 
time is as short as possible. 
Table 1 contains a summary of the existing studies for the 
calculation time, considering the above points of view. The 
Boussinesq equations and shallow-water equations solve a 
vertically integrated quadratic equation. Table 1 shows the number 
the time steps that a system can count for actual 1 second in case 
that number of mesh in this method is 1,000 × 1,000. The lattice 
Boltzmann method is a three-dimensional simulation, and number 
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of mesh is assumed to be 1,000 × 1,000 × 100. Differences below 
10 cm are set to be ignored in this assumption if the height of the 
simulation is 10 m, so the mesh in this calculation can be deemed 
very rough and the estimated calculation time will be short. The 
SPH method without mesh cannot be converted by size of mesh, 
unlike the other methods. However, since SPH is a method to 
simulate three-dimensional space, assume that there is one particle 
per mesh of lattice Boltzmann method. Hence, the number of 
particulars is set to be 100 × 1,000 × 1,000. The state of the 
mesh in this case also can be deemed very rough. 
It is difficult to verify an accurate calculation time because 
the calculators, calculation schemes, and accuracy are respectively 
different. However, considering the results for the number of time 
steps per second, the shallow-water equations are apparently very 
effective as a feasible real-time simulation. 
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Table 1: Number of time steps that can be calculated per second using 
methods to simulate tsunami inundation phenomena.  
 
 
No. of grids or 
particles 
Time step / sec. Processing Unit 
Shallow water 
equations + 
Finite difference 
method[53] 
1000*1000 145 
Core i7 2.66 GHz 
+ GeForce GTX 
480 
Boussinesq 
equations + 
Finite difference 
method[54] 
1000*1000 0.39 Itanium2 *2 
Lattice 
Boltzmann 
method[55] 
1000*1000*100 3.20 Tesla C1060 
Navier-Stokes 
equations +  
SPH method[56] 
1000*1000*100 0.019 
Core i7 2.93 GHz 
+ 
GeForce GTX 280 
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Chapter 4 
Manning roughness 
 
In Chapter 3, we conducted verification procedures for the 
basic equations and discretization methods used to express tsunami 
inundation on land. However, as mentioned in Chapter 2, bottom 
friction was not considered during those analyses. In this chapter, 
we explain the Manning formula and Manning roughness, which is 
a parameter used in the equation for bottom friction. Specifically, 
we introduce a method that describes how to express bottom friction 
in the basic equations. We also describe how to express bottom 
friction while including the effects of buildings by use of the 
expanded Manning roughness parameter, specify how to determine 
the Manning roughness, and point out a few issues regarding the 
determination. 
 
4.1 Manning formula (Gauckler–Manning–Strickler formula) 
Water flow can be classified into two categories, namely 
open-channel flow or pipe-channel flow, depending on if the flow has 
a water surface or not. Flows with a water surface are represented 
as open-channel flow, whereas flows without a water surface are 
represented as pipe flow. More precisely, water flow is categorized 
by features of the wetted perimeter . The wetted perimeter is the 
line segment or length of the water sides and bottom in contact with 
water. Flow is dependent on if the wetted perimeter draws a closed 
curve or not. Since flows from tsunamis have a water surface, the 
condition of open-channel flow is satisfied. 
Open-channel flow can be divided into the following two 
types: steady flow and unsteady flow. The hydraulic quantity 
(resulting from the water depth and mean flow velocity) does not 
change as time passes in steady flow, while it does change during 
unsteady flow. If the direction of spatial flow does not change, the 
steady flow is referred to as uniform flow. If the direction changes, 
the steady flow is called non-uniform flow. In addition, if the change 
of flow is slow, the unsteady flow is categorized as quasi-steady flow. 
S
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Since the hydraulic quantity from a tsunami changes as time 
elapses, it can be classified as unsteady flow. However, it is not easy 
to evaluate the bottom resistance with calculations for unsteady 
flow from tsunamis. Therefore, uniform flow was used in this study 
to evaluate the bottom resistance during tsunamis. 
First, we give an explanation of the parameters used for 
uniform flow. Consider a cross-section drawing of open-channel flow 
cut along the flowing direction. The area of actual flowing water is 
referred to as the cross-section area of the stream, and it is 
expressed by . The following equation can be obtained by dividing 
this cross-section area by the wetted perimeter: 
 
R = AS .      
(4.1) 
 
The term  is called the hydraulic radius. Next, consider a 
cross-section drawing of the vertical direction, which is the slope 
flowing direction. The bottom of the stream is referred to as the bed. 
The shortest distance from the bed to the water surface is the water 
depth . The meaning of water depth in the case of uniform flow is 
different from the one used in other cases such as for tsunamis. For 
tsunamis, the water depth does not always indicate the distance 
from the bottom to the surface along the vertical direction. Here, the 
base level is set to the horizontal direction, which is vertical to 
gravity, and the distance from the base level to the water surface is 
defined as the water level. The angle between the base level and bed 
is  and the bed gradient  is defined as . However, in an 
ordinal river, judging by the fact that  is sufficiently small and 
considering , this  itself is sometimes referred to as the 
bed gradient. 
To classify open-channel flow as uniform flow, the distance 
of the channel assumed must be sufficiently long and the following 
parameters for time and space must be constant: 
 
A
R
h
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 ・Gradient of the riverbed is constant 
・Cross-section area of the stream vertically cut 
along the water flow is constant 
  ・Fluid flow is constant 
 
The water flow when the above conditions are satisfied is regarded 
as uniform flow, and it meets the following features: 
 
・The water depth and flow velocity are constant 
  ・All gradients of the water surface and bed are parallel 
 
In rivers and hydraulically engineered areas, calculations for flow 
velocity are considered important. However, flow velocity varies in 
accordance with the loss of energy during open-channel flow and 
features of the wetted perimeter. Therefore, to use flow velocity in 
real world situations, an empirical equation is typically adopted. In 
particular, the Manning formula is applied in a wide range of areas 
in river engineering because the state of uniform flow on a natural 
river can be well expressed. The Manning formula is also known as 
the Gauckler–Manning–Strickler formula. In the Manning formula, 
flow velocity is represented by , and the equation is 
 
v = 1n R
2
3 I
1
2
.     
(4.2) 
 
In Equation (4.2),  is a coefficient called the Manning roughness, 
and it is a parameter that indicates the capacity of water to resist 
the flow. Manning roughness is essential in river engineering, and 
the values are experimentally calculated by checking artificial and 
natural channels for shapes and materials that may influence flow 
resistance such as the growth of aquatic weeds. 
 
4.2 Manning roughness for shallow water equations 
Although the Manning formula is an empirical equation for 
v
n
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uniform flow, tsunami-induced flows are non-uniform flows. Thus, 
calculations for uniform flows are generally not applicable to 
tsunamis. However, in cases where a tsunami breaks on the coast or 
land, the friction caused by the seabed cannot be ignored and a term 
to express the seabed friction must be added to the basic equations. 
Tanaka et al.[57] found that the features influencing seabed friction 
are similar to the ones for steady flow if the cycle is long and the 
water is not deep. Hence, the resistance equation for steady flow can 
be used to solve for the terms describing seabed friction in tsunami 
calculations. The following equations were obtained by adding a 
term to evaluate seabed resistance based on the Manning formula 
for shallow water equations (3.52) and (3.53): 
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4.3 Modeling of obstacles (equivalent roughness coefficient model) 
The Manning roughness for shallow water equations 
represents the magnitude of bottom friction, that is, it shows the 
measure of attenuation of tsunami energy. In the case of uniform 
flow, the energy attenuation of water flow is dominated by the 
shape and material of the surface of the waterway. Therefore, the 
magnitude of the Manning roughness needs to be analyzed for each 
surface material. However, a tsunami run-up simulation is 
performed at a larger scale than the scale used for surface material 
problems. In a real tsunami run-up situation, energy attenuation of 
tsunami water flow is mainly caused by structures on the land. For 
example, tsunami run-up on grassland is free from significant 
friction, while tsunami run-up in an area with dense buildings 
experiences significant friction. This means that the Manning 
roughness for uniform flow cannot be used to represent a change in 
tsunami behavior that is caused by differences in land use. 
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To consider the friction effect of buildings on land, two 
models can be used: the topography model and a Manning 
equivalent coefficient model [58]. The topography model is a method 
that sets a lattice space where each building can be reproduced, and 
it expresses the existence of buildings by the ground undulations. 
This means that the buildings are assumed to withstand the 
event-initiating earthquake and remain standing during the 
tsunami. With this topography model, numerical experiments are 
performed on a simplified artificial urban area to examine the 
dependence of the computation accuracy as the size of the 
computation grid is changed. As a result of the previous research 
[60], it has been reported that the accuracy is low when the grid 
width exceeds 10 m, whereas the accuracy is high when the grid size 
is smaller than 5 m. 
In contrast, the Manning equivalent coefficient model is a 
method that expresses the effects of buildings by changing the 
values of Manning roughness, taking into consideration that the 
effects of buildings are the same as bottom resistance. The Manning 
roughness that includes the effects of buildings is known as the 
equivalent Manning roughness. Mubari et al. [60] compared the 
calculation accuracy of the two models. The results of that study 
indicate that we can estimate the run-up of tsunami phenomena 
more accurately using the topography model if the calculation grid 
spacing is less than 5 meters. On the other hand, if we use grid 
spacing that is larger than 10 meters, we can estimate the run-up 
more accurately using the Manning equivalent coefficient model. 
However, in that paper, it was shown that the topography model is 
not suitable for wide area inundation simulations. One reason for 
this is that we need a very detailed topographic dataset that 
includes building height information integrated on a Digital 
Elevation Model if we are to make accurate simulations using the 
topography model. Such data are difficult to obtain. In addition, a 
fine computational grid is not practical for real-time simulations 
because it leads to an increase in computation time. Therefore, in 
this dissertation, we focus on the Manning equivalent coefficient 
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model because our aim is the realization of real-time tsunami 
inundation simulations. 
 
4.4 Determining method for real time tsunami inundation simulations 
The previous section described how to express obstacles on 
land by use of the equivalent Manning roughness. That section, 
however, did not mention any specific methods to set such values. A 
variety of research has been done regarding these types of methods, 
and the following text discusses some of the more current 
techniques. 
Aburaya et al. [59] suggested the use of the composite 
equivalent roughness. This is a technique whereby an equivalent 
Manning roughness is determined by computing the resistances of 
the bottom surface and obstacles separately, and then composite 
values are derived afterword. The resistance of the obstacles is 
computed by an occupied area of a house, the width of the house, 
and a conversion parameter. The conversion parameter is 
determined by a hydraulic experiment. In the hydraulic experiment, 
two rectangular columns that are used to resemble to the house are 
laid parallel to traveling direction of the tsunami, and then the 
conversion parameter is determined by using the columns’ 
resistance. 
Unfortunately, in this research, there are drawbacks for 
practical applications. For instance, the resistance of a bottom 
surface was indicated as already-known, and there was no 
discussion regarding such resistance or on setting methods other 
than for a space with buildings such as a built-up area. Moreover, 
the width of a house was determined based only on situations where 
the house’s wall surface was either vertical or parallel to the 
traveling direction of the tsunami; hence, computations are 
impossible for cases where a tsunami hits the house diagonally. 
Even if it is assumed that some type of projection can be used, in 
reality, there appears to be no conclusive evidence for showing good 
accuracy. Therefore, while Aburaya’s technique to evaluate the 
resistances of bottom surfaces and buildings is considered to be a 
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reasonable technique, it should be stated that the application of this 
technique is difficult when determining the Manning roughness 
over real terrain. 
The above technique is difficult to apply for real-time 
simulations needed for inundation warnings caused by tsunamis. 
Ideally, inundation warnings should be used along the coastlines of 
entire countries, so it is inappropriate to perform simulations with 
Aburaya’s technique using detailed data for only some local areas. 
Considering the above issues, the following three techniques are 
proposed as viable methods to use for real-time simulations of 
tsunami flows and corresponding inundation warnings. 
 
4.4.1 Method of Aida 
Aida [61] determined the equivalent Manning roughness 
when carrying out an inundation simulation of a tsunami that 
occurred in response to the Nankai earthquake in 1946. The setting 
method used is shown on the left side of Table 2. The computational 
time step was 2.4 seconds, and the computation was done based on 
computational grid meshes of 50 m and 100 m that were attached 
together. For this method, the mesh area is set in the shallow water 
area and run-up area, and 100 m of the computation area is set in 
the sea deeper than 10 m in water depth. Additionally, in the area 
where the 100 m mesh is used, the equation is solved for the 
sea-bottom friction item using a linear long wave equation without 
an advection item, and the Leap-Flog method is used as a 
differential method. 
Specific terrains that were targeted for the computation 
included Usa in the Kochi prefecture and Susakiwan. This region 
was most affected by the tsunami along the Tosa coast. The 
numerical computation was done by inserting a sine-wave tsunami 
in the computation area. It was concluded that, based on the 
characteristics of inundation caused by the tsunami that occurred in 
this location, that similar inundation phenomena resulting from 
tsunamis could be reproduced successfully. Additionally, it was 
assumed that a reasonable computation was done based on 
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interview results from a person who recalled being able to escape 
the water by running—such testimony can be used to constrain the 
speed of the tsunami running up to the land. Furthermore, the 
damage rate of houses and the flow speed of the tsunami were 
analyzed, and it was noted that a high correlation existed between 
these terms in several locations, but in some areas, the flow speed 
was not enough to describe the damage rate of houses. 
The roughness segment and its value that were given by 
Aida are indicated in Table 2. What should be noted here is that the 
roughness given for an area near the coastline was larger than it 
should be. On this basis, results of a one-dimensional hydraulic 
experiment that reproduced the behavior of the tsunami near the 
coastline were used. However, there was no particular basis for the 
specific size of the roughness, and in fact, the parameters were 
given according to the relationship of each resistance in size. To be 
specific, the roughness is determined under the constraint condition 
that the resistance is bigger in a dense urban area compared to a 
regular built-up area. For this reason, as the author of the paper 
also pointed out, it is not clear what value is appropriate for a 
specific local condition. 
 
4.4.2 Method of Fukuoka et al.  
 Fukuoka et al. [62] determined the roughness by a 
hydraulic experiment and a numerical computation regarding 
inundation flow in a densely built-up area that was developed on an 
alluvial fan in a riverbank washout. The setting method is shown in 
the center of the Table 2. First, in the hydraulic experiment, a 
model that resembled an actual built-up area with various roads, 
residential densities, and arrangements was used to clarify 
behaviors of water flow and determine the roughness coefficient. 
Next, in the numerical computation, a flow rate for the water flow 
and the depth of the water were computed with high accuracy and 
compared to the results from the hydraulic experiment in order to 
prove the usefulness of the technique. 
In the hydraulic experiment, the subsurface was made of 
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mortar and its surface was grinded so that the effect of the 
model-specific roughness was minimized. The accuracy in the model 
for the altitude was 1 mm. Additionally, all of the houses were 
quadrilateral shaped for simplification and reproduced by coarse 
sponges. The results clarified that the water flow can be disrupted 
by a group of houses as the water flows downward so that the water 
flow concentrates on roads. This implies that the water behavior 
heavily depends on the flow on the roads. For the above results, 
when evaluating the roughness, it is important to separate the 
roughness of roads and the roughness of houses, and this is a 
differentiating characteristic of the technique used by Fukuoka et al. 
The computation method used for the roughness involved 
subdividing the experimental area and computing the attenuation 
of energy in each area by use of the current speed and water level 
before finally converting them to the roughness value. As a result, it 
should be clarified that even when the residential occupation ratio 
is the same, the roughness value can vary drastically. This is 
presumed to be the result of various dead water regions that are 
created behind houses based on the shapes of the houses and 
differences in how the water flows even under the same occupancy 
rate. For this reason, Fukuoka et al. suggests that the numerical 
computation be done by using an averaged-out roughness. 
In the numerical computation, a staggered grid was used 
and the Leap-Flog method was applied as a difference method. The 
analysis was based on an orthogonal grid spaced at 10 m and the 
generalized curvilinear coordinates. The input of the water flow, 
which was based on the assumption that the river overflows, was 
assumed to be a constant flow at the upstream area of the river. The 
input used the same conditions as the hydraulics experiments. 
The roughness segment and its value that were suggested 
by Fukuoka et al. are shown in Table 2. The experimental results 
show that the flow of water concentrates on the roads and therefore 
special roughness values for the roads are well described. Because 
this research targeted a built-up area, the Manning roughness was 
classified has having a value for a built-up area, but when the 
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roughness is applied to tsunami related flows, the value should be 
read as an obstacle area. As Table 2 clearly indicates, giving a 
higher roughness to everything including the roads’ roughness is 
one of the distinctive characteristics of this technique. 
 
4.4.3 Method of Kotani et al.  
 Kotani et al. [63] proposed a way to obtain the roughness 
distribution by using GIS (Geographic Information System) data. 
The setting method used is shown on the right side of Table 2. This 
is a technique to classify generally distributed land utilization data 
into six types based on land uses such as forest, factories, and farms, 
and the technique assigns an appropriate roughness value to each 
land use type. 
In this research paper, the roughness distribution was 
actually built from GIS data to enable simulations for inundations 
caused by tsunamis. The target region was a township area of 
Sakata-city, Yamagata prefecture, which extends approximately 20 
km in the north-south direction and by approximately 27 km in the 
east-west direction. According to topographic features, this area is a 
flat land that belongs to the Shonai plain, which was formed by 
sedimentation of the Mogami River. The computational time step 
was 0.1 seconds, and a computation grid of 50 m was used. For the 
computation grid, a staggered grid was used and the Leap-Flog 
method was applied as the difference method. The tsunami was 
reproduced by inputting sine waves that began with leading waves 
from due west. By using this numerical computation, cases for 
roughness given by the proposed method and other techniques were 
compared and the effects of buildings were discussed. Significant 
discrepancies were found between the estimated arrival time of the 
first wave and the time that recorded the maximum level of 
inundation. This information is especially important because either 
of these values could potentially be used as a standard to determine 
what areas are safe and what areas require evacuation orders as 
well as the routes that should be used during evacuations. 
Additionally, based on physical quantities such as flow rates that 
Tsunami modeling of the land use effect for tsunami inundation simulation 
 67 
can be obtained through simulations, damage was estimated in this 
research paper. Furthermore, simulations were performed by using 
both previous and current GIS data to aid in discussions regarding 
changes in estimated damages. 
The roughness values used correspond to the classifications 
for specific land uses, and the criteria for the classifications are 
described in Table 2. However, the classification and size of the 
roughness values were only set in such a way that they would not 
contradict with previous research results; therefore, the values 
cannot be used to obtain tangible proof of the results since the 
values were not compared with results from hydraulic experiments 
and actual tsunami observation data. 
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Table 2: Magnitude of Manning roughness in each methods. 
 
Aida[61] Fukuoka et al.[62] Kotani et al.[63] 
Class Roughness Class Roughness Class Roughness 
Dense area 0.07 80%- 0.10 High density residential area 0.080 
Uncrowded 
area 0.05 
50%- 
80% 0.096 
Medium density 
residential area 0.060 
Shoreline 0.04 
20%- 
50% 0.084 
Low density 
residential area 0.040 
Other 0.02 -20% 0.056 Forest 0.030 
  Road 0.043 Field 0.020 
    Sea and river 0.025 
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Chapter 5 
Analysis of tsunami simulation by the existing 3 methods (1D simulation) 
 
In Chapter 4, the methods of modeling obstacles on land 
were described, the Manning roughness was explained, and 
previous studies on setting specific values were introduced. 
However, the aims of those studies were not Tsunami inundation 
warning, and they often targeted particular regions, focusing on 
reproducing a generated tsunami from the trace investigation 
following a tsunami invasion. Therefore, the nationwide 
implementation of these methods is difficult, because they are not 
suitable for real-time simulation of a tsunami because of the 
requirements of a fine computational mesh, high computational 
time, and the need for detailed data on obstacles such as houses. 
Among the setting methods, those of Aida [61], Fukuoka et al. [62], 
and Kotani et al. [63] can be considered as the leading methods in 
terms of data acquisition and computing speed required for the 
realization of a tsunami inundation warning. However, the degree 
of difference between each method of tsunami inundation prediction 
has not been investigated. Thus, a study was performed on each 
inundation area by simulating a one-dimensional tsunami run-up 
on the actual respective terrains. 
 
5.1 Simulator 
The shallow water equations are used as the basic 
equations [64]. The equations are differentiated using the Leap-frog 
method, which is a finite difference method. Specifically, the 
forward difference is used for time and the centered difference for 
space, while a basic upwind difference is used for an advection term 
and a bottom friction term. 
A staggered grid is adopted as a computational grid, and for  
the case in which the physical quantity is not defined in the 
necessary position for the calculations, an average of the peripheral 
physical quantity is used. The time evolution of a tsunami is 
calculated by alternately solving equations of the continuity 
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equation and motion equation using these techniques. 
 
5.2 Instability of the numerical calculation  
The propagation of a tsunami is calculated by the method 
described above, although it is confirmed that numerical instability 
can occur depending on certain conditions being set. Therefore, the 
Asselin time filter [65], which is often employed in numerical 
models of the ocean, is used to perform stable calculations. The 
operation of the Asselin time filter is described in the following. The 
physical quantity to be calculated is represented as , and the step 
number of time as subscripts. Asterisk superscripts represent 
filtered physical quantities. 
 
Un* =Un + 0.5! Un+1 ! 2Un +U*n!1( ) .   (5.1) 
 
Parameter  of a filter represents the strength of the filter, which 
is set to 0.25 here. It should be noted that because a staggered grid 
is also used in the time direction as a computational grid, the 
information of time step  is also included in  as a 
physical quantity. This filter calculates  and Un+1  by the usual 
difference method based on . Then, the time step is advanced by 
using the calculated physical quantity. Thus, this filter advances 
one time step for two steps of the usual difference calculation, and 
this increases the calculation time. Therefore, to reduce the number 
of applications of the filter such that numerical divergence does not 
occur, the time filter is applied once every eleven time steps, i.e., to 
calculate  as a multiple of 11. 
 
U*m =
1
2Um +
1
4 Um+1 +Um!1( ) .    
(5.2) 
 
Otherwise, calculations are carried out by a difference method to 
advance a time step as usual. This is to prevent calculations failing 
U
!
n!1 2 Un
Un
Un!1*
m
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through an accumulation of numerical divergence due to the use of 
this time filter. 
 
5.3 Boundary condition 
 The boundary conditions on the edges of the computational 
areas are explained next. Boundary conditions are divided into an 
open sea condition on the ocean side and a moving boundary 
condition on the land side. The moving boundary on the land side 
represents the tip of the tsunami run-up and this boundary moves 
once the tsunami reaches land. A fixed end is used for the offshore 
boundary condition by assuming that there is a reflecting wall. This 
is to increase the wavelength of an input tsunami waveform, which 
is explained in more detail in the next chapter. 
There are several existing methods for setting the 
boundary conditions on the land side. In this chapter, the method of 
Iwasaki and Mano [66] is used because it is compatible with a 
staggered grid and a finite difference method. This provides 
boundary conditions by calculations using the following values: the 
maximum value of the water level within the water depths of the 
surrounding area, when referencing the water level of a point not 
yet reached by the tsunami and when the land is completely 
exposed, and the value zero when referencing the flow rate in the 
boundary region. Iwasaki and Mano compared theoretical solutions 
and numerical experiments for the case in which a one-dimensional 
slope at a constant angle is connected to a horizontal floor of 
uniform depth. They claimed that the calculated results of this 
method correspond well to theoretical analysis, such that it is 
appropriate as a boundary condition to represent the end of the 
tsunami run-up. 
 
5.4 Input wave data 
Next, for a virtual tsunami, a case of inputting a 
rectangular wave from offshore is considered. As an input, it 
considers a situation in which there is rectangular water mass that 
exists from the offshore boundary towards the land, i.e., the input 
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waveform is converted into water level and the flow rate at the time 
is set to zero. To keep it simple, a tsunami is considered to 
propagate as a one-dimensional linear longwave on a horizontal 
floor, and the water mass given zero velocity will part to the right 
and left to propagate. At this time, the waveform is considered to 
have the same width and half the height of the water mass 
originally provided. These two waves are considered to have the 
same rates of progress. Returning to the original case, while the 
wave that travels to the land side proceeds as it is, the wave that 
travels in the offshore direction tries to progress further offshore 
and immediately hits the offshore boundary. As a perfectly 
reflecting wall is assumed as the boundary here, the wave is 
reflected and proceeds towards the land subsequent to the wave 
that initially proceeded in that direction. Hence, when compared 
with the original water mass, a wave travels towards the land in the 
tsunami waveform with half the original height and double the 
wavelength. Therefore, by using a reflecting wall as an offshore 
boundary and a water mass as an input, a tsunami with a longer 
wavelength is produced. For example, it is assumed there is a water 
mass of two meters height and one kilometer width offshore. In this 
case, the tsunami waveform to be inputted will be equivalent to the 
case of a tsunami that is one meter high and two kilometers wide. 
 
5.5 Geographic Information System (GIS) data 
The area that is the subject of the simulation and the 
source of the data are described next. The simulation area is a 
one-dimensional five-kilometer region near the border of Watari-cho 
in Watari-gun and Yamamoto-cho in the southern part of Miyagi 
Prefecture. The western end is located at 38°0’0”N 140°52’40”E. 
Figure 8 presents a map of the simulation area. There is a continual 
coastline in the north-south direction in this district, and the 
incident direction of a tsunami is relatively easy to specify in this 
terrain. The Fundamental Geospatial Data of the Ministry of Land, 
Infrastructure, and Transport Geographical Survey Institute are 
used as the GIS. The GIS is a system that holds map information 
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and a variety of additional information on a computer, which can be 
referred to for geographic information. The Fundamental 
Geospatial Data have been regulated by the Geospatial Information 
Utilization Promotion Bill, which was established in 2007, and are 
now implemented throughout the country. The organized 
Fundamental Geospatial Data are provided online free of charge 
[67], and conversion software for browsing these data for display 
purposes is also distributed free of charge. In this study, the 
administrative boundary line data and the coastline data were 
obtained from the 1:2500 scale data within the Fundamental 
Geospatial Data. All the survey data used in the present study are 
from the time before the occurrence of the Great East Japan 
Earthquake. 
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Figure 8: Map of simulation area. Red circle is the western end of the 
simulation region. Red band is a one-dimensional simulation region. (This 
map is quote from "Geospatial Information Authority of Japan, New edition 
standard map (200000)".) 
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5.5.1 Elevation data 
 Data of the Digital Elevation Model within the 
Fundamental Geospatial Data are used for the land elevation n the 
simulation area. These data contain the elevations at each grid 
point of the 250-, 50-, 10-, and 5-m meshes. The data of the 10-m 
mesh are equivalent to the mesh in the numerical calculation used 
in this study. The 50-m mesh is created from the contour lines of the 
1:25,000 topographic map and contour lines of the Volcanic Base 
Map, and its implementation has been completed across the country. 
The elevations of the 5-m mesh are created from survey results 
using an airborne laser scanner or photogrammetry; this is still in 
the process of development in some areas and therefore, these data 
are not used in this study. These data indicate the genuine 
elevations of the ground after eliminating influences, such as 
buildings and trees. 
The above data have been developed with regard to land 
and lack information pertaining to the sea. Photogrammetry and 
laser surveying techniques cannot be used in seawater because of its 
absorption of electromagnetic waves. Therefore, a more commonly 
used method is to determine elevations from the reflections of 
ship-borne acoustic radar. It is difficult to conduct research as 
extensively as performed on land and thus, offshore data are limited. 
In places such as large-scale harbors, each port authority often 
holds its own data in the form of port planning drawings; however, 
coastal areas that ships are not generally expected to frequent are 
not covered. In this study, the 500-m mesh sea bottom topographical 
data around Japan provided by Japan Oceanographic Data Center 
of the Japan Coast Guard was used with linear interpolation. 
Figure 9 gives examples of water depth data and a map. These are 
bathymetric survey data covering the ocean surrounding Japan, 
which have been collected by a range of marine research institutions, 
led by the Japan Coast Guard, and integrated and edited by the 
Japan Coast Guard Oceanographic Data and Information Division. 
These data are also published on its website [68]. The elevations 
within a calculation area are determined by linking these data with 
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the Digital Elevation Model data mentioned above. 
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Figure 9: Examples of water depth data that has been converted into 500m 
grids. (This map and data is quote from Japan Oceanographic Data Center.) 
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5.5.2 Land use and cover data 
In addition to elevations, data of land use and the status of 
land cover are necessary, because they are required to determine 
the Manning roughness in the existing method. These data are 
obtained from the “Digital National Land Information (Land use 
subdivision mesh data),” as shown in Figure 10 and the “National 
Land Image Information (Colored aerial photographs),” as shown in 
Figure 11, which were developed by the National Land Information 
Division of the National and Regional Policy Bureau of the Ministry 
of Land, Infrastructure, Transport, and Tourism. 
These data are also implemented throughout the country 
and can be obtained online [69]. By using these data, the types of 
buildings and obstacles existing on the site are calculated and the 
Manning roughness of the location determined by selecting the most 
appropriate method from the three existing methods.  
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Figure 10: Example map of Digital National Land Information (Land use 
subdivision mesh data). (This map is quote from Land Information web 
mapping system.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Example photo of National Land Image Information (Colored 
Aerial Photographs). (This photo is quote from Land Information web 
mapping system.) 
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5.6 Result and discussion 
Within the simulation area, the differences in tsunami 
predictions between the three existing methods, created by the 
Manning roughness, are verified. The subject of the calculation is 
the area of Watari-cho in Watari-gun. The elevations and land use 
within this area are shown in Figure 12. 
For the simulation, the time step is set to 0.1 s and the 
spatial grid size to 10 m. The initial condition of the sea water is set 
at 0m, setting Tokyo Peil as standard. The input waveform is 
interpreted as a water level elevated by 4 m in a range of 500 m 
from the offshore boundary. As the offshore boundary condition is 
set as a reflecting wall, as explained above, this corresponds to an 
entering tsunami that is 1000-m wide and 2-m high. A tsunami is 
regarded to have arrived when an inundation with a depth of one 
millimeter or more occurs. 
Figure 13 shows examples of the time development in this 
simulation. In this figure, the brown area represents the ground. 
Figure 14 shows a cross section of the sea level at the maximum 
inundation range for each Manning roughness in the three existing 
methods, and Table 3 shows the distance from the shoreline at the 
corresponding time. It can be seen that the difference between the 
methods in the distance of inundation from the coastline is as much 
as 80 m. The inundation area calculated by the methods of Kotani et 
al. and Aida are qualitatively similar. However, the method of 
Fukuoka et al. provides a different result, giving an inundation 
depth of approximately 30 cm at the 300- and 350-m position. 
As mentioned above, when the inundation depth of a 
tsunami reaches 10–20 cm, an adult will generally be incapacitated 
by being swept away by the water. Therefore, the possibility exists 
that the differences in the results of these simulations could affect 
the decisions people make regarding their evacuation action. Thus, 
it is necessary to either determine how to provide the Manning 
roughness to be used in tsunami warnings by defining the relative 
merits of each method, or establish a better method for setting the 
Manning roughness.  
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Figure 12: Land use / land cover, roughness distribution and section of 
computational area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Examples of time development in this simulation using Aida's 
method. 
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Figure 14: Sea level at the maximum inundation range. 
 
 
 
 
Table 3: Distance from the shoreline at maximum inundation time. 
 
Aida Fukuoka et al. Kotani et al. 
380 [m] 310 [m] 390 [m] 
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Chapter 6 
New method and performance test 
 
In the simulation presented in Chapter 5, the inputs are 
not based on an actual tsunami, and there are no existing 
observational data of either inundation range or inundation depth. 
Furthermore, in the case of performing a hydraulic experiment, 
there is difficulty in terms of how best to replicate the irregularity of 
the surface of an object in one-dimension. Therefore, it is difficult to 
determine the method that provides the closest representation of an 
actual tsunami phenomenon. Thus, it is considered necessary to 
establish a correct value regarding the division and size of the 
Manning roughness, and to evaluate the results of a simulation for 
a real tsunami run-up phenomenon. 
Firstly, a new method to determine the Manning roughness 
is proposed by including and developing the existing three methods, 
and the function is defined to evaluate the degree of similarity 
between two tsunami run-up simulations. Then, a correct Manning 
roughness is established and each method is compared by assuming 
the run-up simulation results using this Manning roughness for 
actual tsunami run-up data. This approach is to obtain accurate 
run-up data by simulation. The efficiency of each method is 
evaluated and the robustness of a tsunami simulation for different 
input waveforms is verified. 
 
6.1 New Manning roughness 
We propose a new method for determining the equivalent 
Manning roughness based on three existing methods. We focus on 
the methods of Fukuoka et al., Aida, and Kotani et al., because 
these methods can determine the Manning roughness from satellite 
images and existing data without the need for a special new survey. 
Therefore, these methods are applicable to the determination of the 
Manning roughness for vast land areas. 
The Manning roughness is a factor introduced in the 
empirical Manning formula, as shown in Chapter 4. This law 
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describes uniform flow, which is a different setting to that of a 
tsunami run-up phenomenon. As a result, it is considered that the 
physical meaning of the Manning roughness in a tsunami 
simulation is dilute. In other words, the qualitative discussion that 
a large value means a rough surface can be justified; however, the 
quantitative discussion of the actual value of the Manning 
roughness does not make sense. This background to the Manning 
roughness suggests that its method of determination is statistical, 
not physical. Thus, we use the concept of Bayesian model averaging 
 [70] to determine the Manning roughness numerically, taking 
advantage of knowledge gained from previous studies. This model 
averaging takes the prior probability of each model as the same. In 
other words, we consider the weighted average of the Manning 
roughness, estimated by the existing methods, as an appropriate 
setting method. In the case of two dimensions, a new Manning 
roughness is represented by 
 
Nnew x, y( ) =Ca !Na x, y( )+Cf !Nf x, y( )+Ck !Nk x, y( )  (6.1) 
 
where  Na x, y( ), Nf x, y( )  and Nk x, y( )  denote the Manning 
roughness estimated by Aida’s method and the methods of Fukuoka 
et al. and Kotani et al., respectively, and Ca, Cf  and Ck  are 
coefficients of the weighted average. By this representation, we can 
consider the problem of the parameter estimation of these 
coefficients as the problem of how to set the Manning roughness. 
 
6.2 Evaluation function 
We need an evaluation function to compare the simulation 
and observational data. The evaluation function quantifies the 
similarity of two tsunami waveforms. The geometric standard 
deviation by Aida [71] is famous as the evaluation function. 
However, in Aida’s function, it is difficult to understand the actual 
differences between the tsunamis. Therefore, we use a simpler 
evaluation function as follows: 
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f Ca,Cf ,Ck( ) = !SMAX x, y,Ca,Cf ,Ck( )!!OMAX x, y( )( )
2
x,y"S#O
$  (6.2) 
 
In this expression,  and  represent the simulated or observed 
tsunami inundation areas and  and  denote the 
simulated or observed maximum height in time. With inundation 
heights  and , we can describe  and  
as follows: 
 
!S
MAX =max
t
!S x, y, t( )( ), !OMAX =maxt !O x, y, t( )( )  (6.3) 
 
In this expression, we should note that the tsunami run-up data 
obtained by tsunami survey are represented by . This 
evaluation function means that we calculate the difference of 
maximum inundation height and take the sum of the square of that 
difference at each point. For areas where the tsunami does not 
reach, the inundation height is set to 0. The inundation height is the 
vertical distance to the tsunami water surface from the ground at 
any point. We determine the coefficients of weighted average from 
historical data by minimizing this evaluation function. Then, we 
obtain the Manning roughness from these coefficients of weighted 
averages. If we obtain multiple estimated coefficients from different 
observations, we use their average as the estimated coefficients. 
Using coefficients estimated by this method, means that the 
demand time for the simulation of tsunami inundation warning is 
unchanged. However, the accuracy of the simulation using this new 
Manning roughness setting is greater than that achieved by the 
three existing methods.  
 
6.3 Over-fitting problem 
As described in the previous section, a new method for 
setting the Manning roughness is to use the coefficients of the 
S O
!S
MAX !O
MAX
!S t, x, y( ) !O t, x, y( ) !SMAX !OMAX
!O
MAX
 
 
 86 
weighted averages of each method, which are estimated from the 
data of previous tsunamis. Now, it is assumed that the Manning 
roughness is constructed by this newly proposed method using 
tsunami run-up data from a single event. In this case, if an identical 
tsunami is reproduced for tsunami we want predict, it is clear that 
the estimation error must be reduced in comparison with the three 
existing methods. This is considered the case because the Manning 
roughness, which is constructed by the proposed method, 
concentrates on reproducing a tsunami that actually occurred in the 
past. In other words, it is over-fitting the simulation against the 
information obtained from a previous tsunami. This issue could be 
avoided by estimating the Manning roughness from multiple 
tsunami run-up phenomena rather than a single example. In this 
paper, this is achieved by fixing the target area of the simulation 
and changing the input waveform. In particular, the coefficients of 
the weighted averages are estimated for each of the different 
waveforms, and the value of their average is used as the coefficient 
of weighted average to derive the Manning roughness. 
It should be noted that an example of a tsunami is required, 
separate to the inundation data of the multiple tsunamis used to 
construct the roughness, for the evaluation of the efficiency of the 
method. This is because it is impossible to predict what kind of 
tsunami will occur in the future at the configuration stage of the 
Manning roughness. If the tsunami data used to construct the 
roughness include the data used for the efficiency evaluation, it is as 
though the answer is included in the original data and thus, it 
becomes impossible to compare the results with the existing three 
methods regardless of the type of waveform. 
 
6.4 How to evaluate performance and robustness 
To verify the effectiveness of the proposed method 
described in the previous section, the estimation error of a tsunami 
simulation is considered here. The estimation error is defined as 
function , which is established by (6.2). This means that the 
squared sum of the maximum inundation depth of a simulated 
f
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tsunami and that of an observed tsunami is defined as the 
estimation error. 
However, it should be considered whether comparing the 
degrees of estimation error means evaluating the efficiency of the 
methods. As mentioned in the previous section, for the realization of 
a tsunami inundation warning, it is necessary to predict the 
behavior of an unknown tsunami accurately. In considering the fact 
that it is used for tsunami inundation warnings, the following two 
views are suggested for analyzing the relative merits of the different 
methods for establishing the Manning roughness. The first is that 
when running tsunami simulations by simply inputting multiple 
unknown waveforms, an average estimation error is considered the 
estimation efficiency of a method, and the method is deemed 
effective if the value is small. The second view, considering the 
objectives of a tsunami simulation, is to use the standard deviation 
of the estimation efficiency as a parameter of effectiveness. If the 
results of a tsunami simulation are largely erroneous, there is the 
possibility of causing human suffering in a tsunami disaster, 
because the simulation results might affect the residents’ 
evacuation actions, which is something that must be prevented at 
all costs. Therefore, a requirement for a tsunami warning is that a 
prediction does not deviate significantly from an actual tsunami for 
any given tsunami invasion. In other words, a method that fails 
significantly from time to time is of no use, even though it may run 
good simulations on average. The nature of indicating constant 
effectiveness in any case is called robustness. The standard 
deviation and the root mean square can be used to evaluate 
quantitatively the extent of the estimation errors, which can be 
considered a parameter of robustness when inputting multiple 
waveforms. In this study, the discussion focuses on the average, 
standard deviation, and the root mean square. 
 
6.5 Jack knife method 
Although the efficiency (an average of estimation error) 
and robustness (standard deviation and root mean square of 
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estimation error) have been introduced as evaluation criteria, the 
proposed method is not proven superior by either of these 
parameters. This is because a tsunami waveform to be predicted is 
not included in the previous tsunami data used for the construction 
of the Manning roughness and thus, it needs to be verified. 
The jackknife method is used specifically to determine the 
relative merits of the efficiency of the proposed method. This 
method of evaluation uses a sampling method, in which the 
deviation and estimation errors cannot be determined analytically, 
to estimate the statistics regarding the data set. Specifically, this is 
a method for evaluating the error of the statistics by estimating the 
statistics of all the data after removing a single piece of data from 
the entire data set, and repeating this process for each piece of data 
to compare the estimated statistics with the removed piece of data. 
By using this jackknife method, the robustness of a 
tsunami simulation is investigated against a tsunami of unknown 
waveform traveling from the open sea. This simulation is performed 
using the Manning roughness estimated by the proposed method. In 
order to investigate the robustness against the input, several input 
examples are required. Thus, two groups of data are prepared as 
input waveforms. The first waveform group is created artificially 
and the other is an observed waveform group at various locations 
during the Tohoku-Pacific Ocean Earthquake. This is explained 
further in the following chapter. 
Thus far, the discussion has been based on the assumption 
that observational run-up data exist for a tsunami similar to the 
artificial waveform used here, however, there are no observational  
run-up data from the artificial waveform. Similarly, for tsunami 
waveforms during the Tohoku Earthquake, run-up data are also 
lacking because the waveforms were observed in different locations. 
That is, the Manning roughness cannot be constructed by the 
proposed method because it is not possible to create previous 
inundation data and consequently, the calculation regarding the 
level of estimation error of each method cannot be conducted. In 
order to overcome this problem, the observational data of tsunami 
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run-up against an input waveform are created by presuming the 
“correct Manning roughness,” as shown in Table 4, and by 
conducting a numerical simulation. These configured values of 
correct Manning roughness are values that cannot be represented, 
regardless of how the coefficients of weighted average are setup in 
the proposed method as well as the existing methods. To summarize 
the above, the specific calculation process is as follows. 
 
1) Assume a reasonable spatial distribution of the Manning 
roughness as the correct Manning roughness in the 
simulation area.  
 
2) Create a data set from sample waveforms; we call this data 
set . 
 
3-1) Select one waveform as that of the tsunami to occur in the 
future and remove that waveform (waveform ) from data 
set . 
 
3-2) Define a data set  as containing waveform data other 
than . This data set 
 
is used to estimate the 
Manning roughness. 
 
3-3) Simulate and create “true run-up data of unknown tsunami 
phenomenon” with waveform  and “correct Manning 
roughness” using numerical simulation shallow water 
equations. 
 
3-4-1) Extract a waveform (waveform ) from . 
 
3-4-2) Simulate and create “observed run-up data of tsunami 
phenomenon in the past” with waveform  and “correct 
Manning roughness.” This set of run-up data is called . 
 
G
a
G
SG
a SG
a
a SG
b
Rbtrue
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3-4-3) Create a set of Manning roughness  from various 
combinations of weighting coefficients Ca, Cf , Ck . This 
set is called . 
 
 
3-4-4) Simulate and create tsunami run-up data  with 
waveform  and one Manning roughness  extracted 
from the set . 
 
3-4-5) Repeat step 3-4-4) and calculate each  for all elements 
of set . 
 
3-4-6) Evaluate  and 
 
with evaluation function . 
 
3-4-7) Determine the best weighting coefficients from minimum 
. 
 
3-5) Repeat steps from 3-4-1 to 3-4-7 for all elements of . 
 
 
3-6) Find the average of the best weighting coefficients. This 
average is the “estimated Manning roughness.” 
 
3-7) Simulate and create “predicted run-up data of unknown 
tsunami phenomenon” with waveform  and “estimated 
Manning roughness” using numerical simulation shallow 
water equations. 
 
3-8) Evaluate the results of 3-3) and 3-7) using evaluation 
function. Then, we obtain the “estimation error of unknown 
waveform .” 
 
4) Change the extracted waveform  from data set  and 
Nnew
NG
Rbcan
b Nnew
NG
Rbcan
NG
Rbtrue Rbcan f
f
SG
a
a
a G
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repeat steps from 3-1) to 3-8). 
 
Following above procedure, we obtain the estimation error of each 
waveform. Then, we calculate the average and standard deviation of 
this estimation error and thus, explain the performance and 
robustness of our method.  
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Table 4: Setting method of the “correct Manning’s roughness”. 
 
Class Roughness 
Shoreline 0.04 
Forest 0.025 
Field 0.02 
Sea and river 0.025 
High density 
residential area 0.07 
Low density 
residential area 0.05 
Other 0.03 
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6.6 Input wave 
The following two groups of waveforms are used as inputs. 
The first group comprises 12 waveforms created artificially to 
control the characteristics of the waveform. The reason for this is 
that parameters such as the backwash or anaseism, waveform, 
wavelength, and quantity of water can be controlled with the 
artificial waveform. In other words, by using the artificial tsunami 
waveform, it is easy to clarify the dependence of the waveform of the 
proposed method. These artificial waveforms are shown in Figure 
15, Figure 16, Figure 17 and Figure 18. Input wave 1 has a 1-km 
wavelength and 3-m wave height. Input waves 2 and 3 have the 
same quantity and wavelength length, but the waveform of 2 is a 
sine wave and that of 3 is a triangular wave. Waves 4, 5, and 6 are 
backwash waves of 1, 2, and 3. Waves 7, 8, and 9 are twice the 
quantity of waves 1, 2, and 3. Waves 10, 11, and 12 are twice the 
wave number and half the wavelength of waves 1, 2, and 3. 
In the analysis using an artificially created tsunami, the 
characteristics of waveform can be easily understood; however, it is 
not a tsunami waveform generated by an earthquake. Therefore, it 
is considered more appropriate to use observed tsunami waveforms 
rather than artificial waveforms as representations of potential 
tsunamis that might occur. For this reason, six waveforms observed 
at various locations during the Tohoku-Pacific Ocean Earthquake 
were prepared as a second group of waveforms. This comprises the 
tsunami waveform data observed by the tsunami observation 
network, NOWPHAS, at the Ministry of Land, Infrastructure and 
Transport Ports and Harbours Bureau during the Tohoku-Pacific 
Ocean Earthquake. These data have been made publically available 
following the removal of outliers and noises, and the calculation of 
the deviation against the astronomical tide level by the Port and 
Airport Research Institute [72]. The offshore observation points 
were as follows: 
A: Off the central Miyagi Prefecture 
B: Off the southern part of Iwate Prefecture  
C: Off the northern part of Miyagi Prefecture 
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D: Off the central Iwate Prefecture 
E: Off Fukushima Prefecture 
F: Off the northern part of Iwate Prefecture 
Furthermore, there are missing values in the data, which 
are compensated for by linear interpolation. The period of data 
sampling is five seconds, which is longer than the time step in the 
simulation. This is also handled through linear interpolation of the 
water levels before and after. Although the start time of a tsunami 
simulation should be the arrival time of a tsunami at the 
observation point, determining this is not easy. In this case, the 
arrival time of a tsunami is defined by the zero-crossing point 
immediately before the time when the fluctuation of the water level 
exceeds five centimeters for the first time. Figure 19 and Figure 20 
show the time series of tsunami wave height. 
The offshore boundary conditions are reviewed here. In the 
simulation shown in the previous chapter, tsunami data were input 
using a reflecting wall and an assumed mass of water without 
movement off the coast. This means inputting the known spatial 
distribution of a tsunami wave at a certain moment. The currently 
obtained observational data represent the time variation of a 
tsunami at a certain point and not the spatial distribution of a 
waveform. In order to input these data, the input method is altered 
only in the case of using artificial waveforms. This is a method for 
providing directly the time variation of the water level on the edge 
of the simulation area. When considering the staggered grid, there 
is a point at which the flow rate is defined outside the edge of the 
simulation area where the water level is defined. At this point, the 
fixed end is represented by zero flow rate. When varying the water 
level of the surrounding area, the altered water level shifts 
instantly towards the land by hitting the reflecting wall 
immediately after the water level is changed. By repeating this 
variation, a time-varying tsunami waveform is replicated by 
modifying the water level on the edge of the simulation area. 
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Figure 15: Artificial waveforms of normal type. 
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Figure 16: Artificial waveforms of backwash type. 
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Figure 17: Artificial waveforms of twice height type. 
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Figure 18: Artificial waveforms of half-wavelength type. 
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Figure 19: Tsunami observation time series at A, B and C. 
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Figure 20: Tsunami observation time series at D, E and F. 
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6.7 Result and discussion 
The details of the simulation area are explained in Chapter 
5. To determine the optimum coefficients of the weighted average of 
the Manning roughness, a grid search of 0.05 pitch is used and the 
coefficients of weighted average assumed as follows. 
 
Ca +Cf +Ck =1, Ca,Cf ,Ck ! 0    (6.4) 
 
It is then possible to eliminate one of the parameters of interest in 
the investigation and thus, significantly reduce the time required 
for a search. 
 
6.7.1 A case for using artificial waveforms 
First, the evaluation using artificial waveforms is described. 
Table 5 shows the estimation error caused by the setting method of 
each Manning roughness when using artificial waveforms. The 
tsunami waveform shown in the first row is that of an unknown 
tsunami used for evaluation of the estimation error. The other 
eleven waveforms are those used for the construction of the 
Manning roughness. 
The new method shows the lowest estimation error with 
waves 1, 2, 6, 8, 9, and 12. This result indicates that the new method 
is best in the half of the cases. Furthermore, it is revealed that the 
average, sample standard deviation, and root mean square of the 
estimation error of the new method are lowest. For the existing 
methods, the lowest average is obtained with the method of 
Fukuoka et al. and the lowest standard deviation is obtained with 
the method of Kotani et al. Compared with these methods, the 
average and standard deviation of the new method are lower by 30% 
and 45%, respectively. Considering the waveforms one by one, the 
strong and weak points of the proposed method become evident. 
With the backwash wave (waves 4, 5, and 6), the average error of 
the new method is 9.19 and the standard deviation is 0.40, whereas 
the average error and standard deviation of the method of Fukuoka 
et al. are 8.44 and 6.41, respectively. Thus, it is clear that the 
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performance of our method is not the best, but the robustness of our 
method is best with backwash wave. Furthermore, for the wave of 
double quantity water (waves 7, 8, and 9), not only the robustness of 
the new method, but also the average error are best. However, in 
the case of the half wavelength (waves 10, 11, and 12), the situation 
is different; the performance of our method is best, but not the 
robustness. 
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Table 5: Estimation error, average and sample standard deviation in each 
method with artificial wave. 
 
 Proposed Aida Fukuoka Kotani 
1  Normal Sq. 2.02  62.50  6.47  2.63  
2 Normal Sin 1.84  28.86  6.43  5.56  
3  Normal Tri. 1.41  34.70  3.20  0.29  
4  Back Sq. 8.85  66.33  1.70  23.11  
5  Back Sin 9.63  76.53  9.16  11.17  
6  Back Tri. 9.09  425.12  14.46  41.86  
7  Twice Sq. 30.22  79.84  24.82  60.10  
8  Twice Sin 32.34  78.87  79.05  64.44  
9  Twice Tri. 36.02  89.54  52.54  48.24  
10  Half Sq. 18.05  9.39  28.89  12.24  
11  Half Sin 13.36  11.53  5.55  9.76  
12  Half Tri. 6.59  146.19  12.25  19.16  
Average 
(Performance) 14.12  92.45  20.38  24.88  
Standard deviation 
(Robustness) 12.34   111.43  23.45  22.81  
 
Root mean square 
(Robustness) 18.41 141.17 30.32 33.11 
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6.7.2 A case for using observed waveforms 
Table 6 show the results of the validation carried out using 
the waveform shown in Figure 19 and Figure 20. The best 
estimations are provided by the new method in the case of 
waveforms A, C, E, and F. For waveform B, the method of Fukuoka 
et al. results in the best estimation, whereas for waveform D, that of 
Kotani et al. is best. Furthermore, with regard to the average value, 
the new method demonstrates the best results. In addition, the 
robustness of our method is best based on the results of the root 
mean square. On the other hand, when examining the standard 
deviation, the method of Kotani et al. displays the best results, 
followed by the proposed method. Therefore, it can be said that the 
methods for which the estimation error does not fluctuate 
significantly, regardless of the type of input waveform, are the 
method of Kotani et al. and the proposed method. 
Regarding each waveform, the estimation error is largest 
for waveform D for all methods. This indicates that for a tsunami of 
waveform D, it is fundamentally difficult to predict the inundation. 
The estimation error of the proposed method for waveform D is 
significantly larger compared with that of the other waveforms. On 
the other hand, the method of Kotani et al. does not show 
significantly bad results for waveform D. From the results of 
waveform D, it is considered that the standard deviation of the 
estimation error of the proposed method is greater than that of the 
method of Kotani et al. Figure 20 shows that waveform D is 
characterized by a very sharp peak, present at around 15:15. A 
similarly sharp peak can be seen in waveform B, and the estimation 
error of the proposed method is also larger for this waveform. 
However, for the case of waveform F, which also exhibits a similar 
type of peak, the proposed method indicates a good estimation 
result. This difference is considered caused by the influence of the 
following waves that are present after the first peak. In waveform F, 
several large peaks appear after the first one has passed, whereas 
there is no such tendency in waveform B. Although some peaks of 
following waves are observed in waveform D, the peaks themselves 
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are not large and the characteristics subside rapidly. 
The above facts suggest that the proposed method is weak 
in predicting a tsunami, which has a waveform with a sharp peak 
that appears in isolation. The following conclusions are considered 
based on these results. The fact that tsunami waveform peaks are 
sharp indicates that compared with tsunami height, the duration of 
that height is short. This indicates that the volume of water 
reaching shore for the largest wave will be small. To consider it from 
another perspective, it could be said that the volume of water for the 
other tsunami waveforms will be large. Furthermore, it can be 
understood from the chart that the proposed techniques are highly 
efficient when using these tsunami waveforms. It is believed that 
this coincides with the results of the preceding paragraph, and that 
in general, the proposed techniques demonstrate efficiency when 
the volume of water in the tsunami is large. 
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Table 6: Estimation error, average and sample standard deviation in each 
method with observed waveforms. 
 
Proposed Aida Fukuoka Kotani 
A 1.7 55.3 355.2 73.0 
B 72.3  78.3  70.7  120.7  
C  20.2  21.7  226.5  185.6  
D  266.6  313.5  306.3  195.6  
E  4.7  10.5  12.8  7.7  
F 19.9  38.3  34.9  36.6  
Average 
(Performance) 
66.8  86.3  167.7  103.2  
Standard deviation 
(Robustness) 
91.9   104.0  134.7  70.8  
 
Root mean square 
(Robustness) 113. 4 135.1 215.1 125.2 
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Chapter 7 
Validation of using the actual inundation data (2D simulation) 
 
Chapters 5 and 6 focused on one-dimensional space, and 
therefore terrain, input waveforms, and data for creating 
distribution of the Manning roughness were the only type of 
observational data used. The inundation depth data, which are the 
subject of evaluation, were created by artificially establishing the 
correct Manning roughness. In order to conduct verification by 
using the actual inundation depth data of a run-up phenomenon, it 
is necessary to run a two-dimensional simulation and perform an 
evaluation. In this chapter, the result of a two-dimensional 
simulation using the software ANUGA is compared to the data of 
inundation depth observed during the Tohoku-Pacific Ocean 
Earthquake. 
 
7.1 Simulator 
ANUGA was used as a tool to calculate a two-dimensional 
tsunami run-up. ANUGA software was jointly developed by the 
Australian National University (ANU) and Geoscience Australia 
(GA) to numerically solve shallow water equations using the 
Manning roughness [73]. The contents of a numerical calculation 
within ANUGA are programmed in C language, and the input and 
output are specified via Python. As the program code of ANUGA is 
openly available, it is possible to make improvements in accordance 
with its intended use. 
 
7.1.1 ANUGA model and finite volume method 
The basic equations used in ANUGA are shallow water 
equations, and the discretization methods use a finite volume 
method, which is a combination of the finite element method and 
the finite difference method. For a further explanation of the finite 
volume method used in ANUGA, see Mungkasi et al. [74]. 
The method used was as follows. The simulation area is 
divided into a set of triangles and the flow rate and water level are 
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then defined in each of these triangles. It is not necessary to arrange 
the triangles regularly, and they can be set to deliver a higher 
resolution in areas of particular interest when required. The finite 
volume method calculates the integration of the governing 
equations (the shallow water equations in the case of ANUGA) in 
these triangles mesh and the notation is summarized below.  
Firstly, an index  is added to a divided triangle , which 
is then referred to as . A set of triangle indexes adjacent to  is 
then defined as , and the area occupied by  as .  is the 
side of a triangle and its length that are common in triangles  
and . 
The summarized shallow water equations (3.51), (3.52) and 
(3.53) are as follows: 
 
!U
!t +
!E
!x +
!G
!y = S  .    (7.1) 
 
However,  is a vector of the conserved quantities and it becomes 
the following: 
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.     (7.2)
 
 
 and  equate to 
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.   (7.3) 
 
The term  which represents the friction from the Manning 
roughness, equates to 
 
i li, j
Ti Ti
N i( ) Ti Ai li, j
Ti
Tj
U
E G
S
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.    (7.4) 
 
Here, by using Gauss's divergence theorem, the basic 
equation of each triangle is recast as follows: 
 
dUi
dt +
1
Ai
Hilij
j!N i( )
" = Si ,    (7.5) 
 
where  is a vector indicating the conserved quantities within a 
triangle in number , and  is a term representing the resistance 
within a triangle in number . is a flow rate in the normal 
direction from  to Tj , which needs to be determined by the 
numerical flux function  of the shallow water equations: 
 
H U1,U2,n( ) = E U1( )n1 +G U2( )n2 .   (7.6) 
 
When  is expressed as above using a vector of conserved 
quantities , and a normal direction vector  of a triangle , 
becomes the following: 
 
HIJ = H Ui mij( ),Uj mij( ),nij( )  .   (7.7) 
 
Where  represents the midpoint of , and  represents the 
outward normal of  against . As , the function  is 
derived from the mean vector of conserved quantities in the triangle 
in number  and its adjacent triangles ( ). Here, the piece-wise 
linear function of the conserved quantities for all  is 
established. In other words, the piece-wise linear function is 
constructed for each triangle from the values of conserved 
quantities and the gravitational center position in a triangle and in 
its adjacent triangles. Essentially, the conserved quantities belong 
Ui
i Si
i Hij
Ti
H
H
U n Ti
Hij
mij li, j nij
li, j Ti x ! Ti Ui x( )
i Uk
x ! Ti
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to two separate triangles to be discontinuous. However, it is possible 
by limiting the inclination of the piece-wise linear function that we 
can avoid the numerical instability from conserved quantities.  
can be calculated using Godunov's method in addition to the 
piece-wise linear function.  
In addition, a step width of the time difference in ANUGA’s 
calculation is variable, and to satisfy the CFL condition, it is defined 
as follows: 
 
!t = min
k,i= 0,1,2[ ]
min rkvk,i
, rnk ,ivk,i
"
#
$$
%
&
''  .    (7.8) 
 
where  represents the radius of a circle circumscribing the 
triangle in , and  is the maximum velocity of water flowing 
across the triangles in  and .  is one of the triangles 
adjacent to the triangle in , and it is determined by using the 
central upwind scheme [75].  is the radius of a circle 
circumscribing triangle , which is determined by the above 
method. 
 Although it is ordinarily essential to determine the 
boundary conditions for a tsunami run-up, this is not necessary if 
the above piece-wise linear function is used, as the calculation can 
be performed even when the water flow is discontinuous and the 
water level is at zero. 
 
7.2 Evaluation function 
Three existing methods are considered here, together with 
a proposed method for an evaluation of forecast performance. The 
method proposed uses past tsunami run-up data to determine the 
coefficient of weighted average. In the case of a 1-dimensional 
analysis, this was resolved by using several tsunami wave forms. 
However, currently available tsunami wave forms and tsunami 
run-up data are the only available data from The Tohoku 
Earthquake, and for this reason, one type of data observed at a 
certain point (x1, y1)  were extracted and used to evaluate the 
H
rk
k vk,i
k i nk,i
k
rnk ,i
nk,i
Tsunami modeling of the land use effect for tsunami inundation simulation 
 111 
tsunami forecast performance. In addition, the data of other points 
is used to develop the Manning roughness by using the proposed 
method. The following equation is defined as an estimation error. 
 
f = !SMAX x1, y1,Ca,Cf ,Ck( )!!OMAX x1, y1( ) .  (7.9) 
 
However, this function is only for use in a final evaluation. When 
determining the Manning roughness, the following is used:  
 
f Ca,Cf ,Ck( ) = !SMAX x, y,Ca,Cf ,Ck( )!!OMAX x, y( )
x,y"O
#
.
 (7.10) 
 
The coefficient of the weighted average is determined in a way that 
reduces the function to its smallest value. Here, O excludes the 
point (x1, y1)  which is used in equation (7.9) to evaluate the 
magnitude of the forecasting discrepancy from all the aggregated 
locations where the observed data exist. The reason for changing the 
square as the absolute value is that when considering an evaluation 
value at one location, the absolute value is intuitively easier to 
understand. 
 
7.3 Simulation area, data, and parameter 
The area targeted for the simulation is located on the east 
coast of the in Iwaki city, Fukushima prefecture, and is located 45 
km south of TEPCO’s Fukushima Daiichi Nuclear Power Station.  
To be precise, the 2-dimensional area is the square with 3.5 km side 
length, and the southwest end of which lies at 37゜01’4.19” North 
and140゜57’00.16” East. The reference data used for the land and 
sea area terrain, and the land use data determining the distribution 
of the Manning roughness, are the same as that used in the 
1-dimensional numerical calculation. (Figure 21 shows a map of the 
simulation area and the water depth observation point. Figure 22 is 
example of the Manning roughness of this area) 
 It was therefore considered that a comparison was required 
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between the actual tsunami run-up and a simulated and forecast 
tsunami run-up. The tsunami waveform data needed to be obtained 
from actual observed data, and therefore data for the 2nd wave was 
entered, which was the maximum wave from the waveform data 
recorded offshore from Fukushima by NOWPHAS (and which was 
used for the 1 dimension simulation). The tsunami approached from 
the east, and this was entered into the simulation. The area to the 
east is land, and the north and south of the simulation area are 
assumed to be complete reflecting conditions.  
 Initially, the sea level was at 0 m above sea level (Tokyo 
Peil), and the sea water was assumed to be in a state of rest. In the 
actual tsunami run-up phenomena data, the data [80] of which 
inundation heights were put together by examining tsunami traces 
after the disaster, and this trace examination was performed by 
“The 2011 Tohoku Earthquake Tsunami Joint Survey (TTJS) 
Group,” and the results were published [76] on the internet as “The 
2011 Tohoku Earthquake Tsunami Joint Survey (TTJS) Group 
Unified Data Set (released 20110601).” According to these data, 
there are 6 locations within the simulation range where the 
inundation height was observed. However, 2 out of the 6 locations 
were locally hollow due to a small river and a canal, so this 
information does not reflect the terrain and elevation data. As such 
places have a lower trace height than the elevation, they are 
assumed to be inappropriate for use in evaluating the height of a 
tsunami, and therefore the inundation heights of the other 4 
observed points were used.  
The time step of the simulation was determined by the 
equation (7.8), but the maximum time frame was limited to 0.1 
seconds. The following regular grid was used with respect to the 
division of space, for the same reason as it was used in the 1 
dimensional simulation, and is a grid that divides a 10 m square 
area diagonally from the northeast to the southwest, and is then 
divided into 2 isosceles right-angled triangles. In addition, the most 
appropriate coefficients of the weighted average for the Manning 
roughness were determined by the grid search, and the coefficient of 
Tsunami modeling of the land use effect for tsunami inundation simulation 
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the weighted average was assumed as follows: 
 
0.8 !Ca +Cf +Ck !1.2, Ca,Cf ,Ck " 0    (7.11) 
 
This implied therefore, that there was 1 more variable to search 
than in equation (6.4). However, the increment used for the grid 
search was therefore assumed to be 0.1.  
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A: 37° 02’ 53“ N, 140° 58’ 14” E 
B: 37° 02’ 24“ N, 140° 58’ 19” E 
C: 37° 02’ 23“ N, 140° 58’ 20” E 
D: 37° 02’ 10“ N, 140° 58’ 12” E 
Excluded 
Excluded 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Simulation area map and water depth observation point. (This 
map is quote from "Geospatial Information Authority of Japan, New edition 
standard map (200000)".) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Example of Manning roughness of the simulation area.  
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7.4 Result and discussion 
Figure 23 is an example of the simulation of tsunami 
run-up phenomenon. Table 7 shows the result of the tsunami 
inundation height at each forecast location using all the methods 
combined. The second row shows the height of the observed tsunami. 
The third and fourth rows are the predicted tsunami wave height 
and the estimation error via the new techniques, respectively, as 
well as the weighted coefficients at that time. The fifth line shows 
the predicted tsunami wave height, and the estimation error 
obtained via the existing techniques. In addition, it should be 
considered that by using the new techniques, data for points B, C, 
and D were used to determine the weighted coefficients for point A. 
This fact is indicated in Ca,Cf ,Ck( )  which shows the 
predictions for the other points using the data for point A. In other 
words, because the method of Fukuoka et al. produces an extremely 
good efficiency for point A compared to the other methods, it is 
believed that this then becomes Ca,Cf ,Ck( ) = 0.0,1.0, 0.0( )  for 
predictions for points B, C, and D using the information for point A. 
However, location A is not used to develop the Manning roughness
Ca,Cf ,Ck( ) = 0.0, 0.0, 0.8( ) , and the Manning roughness by Kotani et al. 
is kept low overall, and is assumed to be excellent. This result shows 
that the estimates of weighted coefficients have sparsity. In fact, 
using the method of Kotani et al., the forecasted inundation height 
in Locations B, C, and D deliver a better result than the one using 
the method of Fukuoka et al. By using the information at that 
location, to determine the coefficient of the weighted average, the 
value of the Manning roughness by Kotani et al. multiplied by 0.8, 
was selected. Currently, Locations B and C are located next to each 
other, and their correlation is assumed to be high; therefore it is not 
certain whether or not these 2 locations should be treated as 2 
separate locations. Regardless, the forecasted discrepancy by Kotani 
et al. is still considered superior when used at more than two 
locations. 
In relation to statistics such as averages and standard 
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deviations, it is thought that when these are interpreted the 
proposed methods are superior for standard deviation, but the 
method of Fukuoka et al. is superior for use in everything else. 
However, it must be considered that there is an extremely large 
influence from point A in this respect, and when the evaluation of 
point A is excluded, the method of Kotani et al. (which demonstrates 
an excellent efficiency for all other points), is again superior. 
Accordingly, it is thought that there is a possibility that the method 
of Kotani et al., or their 0.8-fold Manning roughness, may be 
fundamentally superior. It was not possible to demonstrate the 
superiority of the proposed methods. One of the main reasons for 
this is the fact that the observed data are small, as only three 
variable numbers were estimated with the simulation, and three 
numbers from the data were also used for determining the Manning 
roughness. It is thought therefore, that one data provided a huge 
influence in this respect, and that the results could therefore be 
improved by increasing the size of the utilized tsunami data. 
 
 
  
Tsunami modeling of the land use effect for tsunami inundation simulation 
 117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Example of simulation of tsunami run-up phenomenon. 
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Table 7: The value of the prediction of tsunami depth and observation data. 
The number in parentheses shows the estimation error. 
 
Observed Proposed Ca,Cf ,Ck  Aida Fukuoka Kotani 
Tsunami height at A 0.42 2.16 
0.0,0.0,0.8 
1.96 1.45 2.06 
Estimation error at A - 1.74 1.54 1.03 1.64 
Tsunami height at B 4.85 3.37 
0.0,1.0,0.0 
3.39 3.37 3.47 
Estimation error at B - 1.48 3.46 1.48 1.38 
Tsunami height at C 6.59 3.48 
0.0,1.0,0.0 
3.43 3.48 3.52 
Estimation error at C - 3.11 3.16 3.11 3.07 
Tsunami height at D 1.86 1.49 
0.0,1.0,0.0 
1.61 1.49 1.76 
Estimation error at D - 0.37 0.25 0.37 0.10 
Average  
of Estimation error 
(Performance) 
- 1.68 - 1.60 1.50 1.55 
Standard deviation 
of Estimation error  
(Robustness) 
- 0.98 - 1.03 1.01 1.05 
Root mean square 
of Estimation error 
(Robustness) 
- 1.29 - 1.27 1.22 1.24 
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Chapter 8 
Conclusion, discussion and future works 
 
In this dissertation, I performed a quantitative assessment 
of the existing setup methods used to obtain the Manning roughness 
when simulating tsunamis, and also proposed new setup methods 
for the implementation of tsunami inundation warnings.  
Chapters 1 to 4 deliver theoretical explanations. In 
Chapter 1, I introduced methods using databases for the current 
tsunami warning systems. I then demonstrated the difficulty of 
implementing tsunami inundation warnings with methods using 
the existing databases, and identified the need for real-time 
simulations. 
Chapter 2 explained the origin of the occurrence of 
tsunamis and their propagation phenomena, and demonstrated the 
phenomena to be targeted from now on. Multiple origins were listed 
for the explanation of the origin of their occurrence, and the 
frequency of occurrence of the phenomena. The prompt acquisition 
of tsunami information was also explained, and I demonstrated the 
fact that attention is focused on tsunamis that are derived from 
earthquakes.  
In Chapter 3, I explained how tsunami phenomena can 
explain propagation phenomena. I also explained several methods 
that are used in simulating the phenomena indicated in Chapter 2, 
and by comparing these, I identified the superior use of the method 
of discretizing shallow water equations using a finite difference 
method for tsunami inundations warnings. 
Chapter 4 explains the Manning roughness. I identified 
that multiple methods have been proposed for the Manning 
roughness needed for tsunami inundation calculations, and that 
cross-sectional arguments do not exist for the predictive 
performance or proper use of these. 
From Chapter 5 to Chapter 7, I presented analyses using numeric 
calculations. In Chapter 5, I reviewed the disparity in tsunami 
inundation predictions via the existing Manning roughness setup 
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methods. It was confirmed that when inputting actual existing land 
data and virtual tsunamis into practice, a large difference among 
method of Aida, Fukuoka et al. and Kotani et al. exists in tsunami 
inundation regions in one-dimensional regions. For this reason, I 
stated that development of the merits of these methods, or the 
development of more superior methods, is needed for the 
implementation of tsunami warnings. 
Chapter 6 explained the proposed new method, and 
analysis methods of the predictive performance with existing 
methods, and the results of these. The new method incorporates the 
existing methods, and by changing the perspective, it also functions 
as an assessment method of the existing methods. What is 
characteristic is the point that the robustness of tsunami predictive 
performance for changes in tsunami waveforms ––which are the 
target of forecast–– is verified by the jack knife method. The 
superiority of the proposed methods has been shown by use of this 
verification procedure. In addition, the characteristics of tsunamis 
(which are the specialty of the proposed methods) have been 
clarified. 
Two-dimensional simulation results are demonstrated in 
Chapter 7. I carried out verification using various data observed 
during the Great East Japan Earthquake, which showed as a result 
that the proposed methods do not necessarily perform ideally. I 
therefore mentioned that this problem could possibly be improved if 
the numbers used in the tsunami for estimations were increased. 
Summarizing the above, I therefore conclude my thesis. 
The proposed methods have robustness and usefulness for the 
changes in input waveforms. However, as is now clear from the 
two-dimensional simulations, it is possible that there will be a 
decline in the predictive performance if the existing methods are 
used with only a few sites for assessment.  
Based on the above, I can therefore state the following in 
relation to future issues. During this study, a grid search method 
was used in methods to determine the weighting factor for the 
newly proposed methods. However, there are many that can be 
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considered as methods for determining this. By improving the 
methods employed, more precise arguments could potentially be 
used for the weighting factor. Furthermore, in relation to 
verification of the predictive performance, it was confirmed that 
there was robustness in response to waveform variations for the 
proposed methods. However, only artificial waveforms and 
waveforms from the Great East Japan Earthquake were used for 
this verification, and as a result, if verification was performed using 
multiple past tsunami waveforms, it would be possible to ascertain 
which waveforms the proposed method is able to work with. 
Furthermore, inundation height data at multiple sites from 
tsunamis that have actually occurred were used for 
two-dimensional simulations. In contrast, with the verification of 
wave variations in one-dimensional simulations, the efficiency of 
changes in the prediction location was verified. However, there is 
still room for debate regarding the predictive performance when 
these two components (change of tsunami inundation observation 
location and input tsunami wave) are changed simultaneously. 
In addition, there were only 4 locations used for sites with 
tsunami height data, and if this could be improved it would be 
possible to clarify discussions in relation to the efficiency of the 
proposed methods, and the claims of this dissertation in relation to 
the assessment methods used in the existing methods. 
In this dissertation, the methods for determining the 
Manning roughness necessary for tsunami simulation were 
discussed. Through this discussion, and these proposed methods 
(and through the assessment of the Manning roughness), I sincerely 
wish for the implementation of a tsunami real-time inundation 
simulation and tsunami inundation warnings, and would be 
extremely satisfied if my work was useful in minimizing even a 
small amount of the damage that could be caused from future great 
disasters. 
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